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Editorial on the Research Topic 


Compensatory growth: an adaptation to environmental stress in plants and animals


Compensatory growth (CG) can be defined as increased growth rate of a previously restricted organism, and has been documented in a wide range of organisms in both the plant and animal kingdoms. Notably, CG can be expressed at the individual, population or even community level as illustrated in the research of this Research Topic. This widely-observed phenomenon has been of interest to scientists for more than a century because it directly impacts our understanding of life-history trade-offs and resource productivity, respectively. Interest in CG continues to be a stable Research Topic of interest with on average 463 paper/year in the last decade (i.e. Web of Science, search term “compensatory growth”, time-period 2014-2023, minimum annual records 398, maximum 522; as of 2024-01-10).

Although compensatory growth is common, it may manifest itself in different ways from exact compensation (often referred to as catching-up growth) to under or over compensation where the comparison is with a non-restricted (i.e. control) group (Figure 1). As such, the variability in compensatory growth is as interesting as the phenomenon itself as it often has severe life-history consequences, e.g. costs on other individuals´ traits (Metcalfe and Monaghan, 2001). And, as is the case for many biological phenomena, cross-taxa consideration has the potential to explain both the inner workings and general principles associated with compensatory growth.




Figure 1 | A schematic illustration of compensatory growth over time. The red line denotes normal growth, and the blue line indicates a trait of a measured unit that has experienced an unfavorable condition that resulted in a reduced growth. When the condition improved, the measured unit can display one of the three possible outcomes: (A) overcompensation, (B) exact compensation, often referred to as catch-up growth, or (C) undercompensation. Created with BioRender.com.



In this Research Topic, we have assembled 10 papers on various topics related to compensatory growth.

In Kong et al., the authors used controlled experiments to study the impact of dry-season irrigation and fertilizers on growth of Eucalyptus stands via enhanced litterfall decomposition. Their work demonstrates the importance of elucidating the drivers of CG, in this case, release of soil nutrients, a key limiting resource for compensatory growth in trees.

An ecosystem perspective was taken by Zhou et al. to examine how grasslands recover from drought as a form of CG. Furthermore, the authors consider both aboveground and belowground processes among plants and soil-based microorganisms as determinants of ecosystem level response, post-drought. Here, it is also important to keep in mind that CG may be driven by changes in abundance of different species of grassland plants (i.e., ecosystem dynamics) or via increased performance of extant species (i.e., physiological response). There is a further attempt to consider how multiple species respond to stress and post-stress environments by Wang et al.; however, here the focus is on the impact of ammonia-oxidizing bacteria (AOB) on corn (Zea mays). In this case, experimentally induced increased presence of AOB, post-drought, led to greater soil nitrification and, as a result, enhanced performance of recipient corn roots and leaves, providing a mechanism to explain compensatory growth in this important crop.

Wu et al. take a mechanistic approach to explaining CG at the forest level. They studied functional traits (i.e., phenotypic traits that interact with the environment) of trees in an old-growth subtropical forest to determine how such trees respond to environmental change. Doing so provides a mechanism for explaining and predicting how forest dynamics are driven by stress (e.g. drought).

Notwithstanding that many interactions between plants and other types of organisms may be neutral or positive (e.g., pollinator-plant mutualisms), insect herbivores can stress their plant hosts by removing plant tissue or vectoring viruses. Moreover, such damage may occur at different plant stages thus adding a ontogenic slant to the problem. Bustos-Segura et al. used an experimental approach to show that lima bean plants are more likely to generate CG or tolerance in the lingo to plant-insect interactions. They found that when such damage is inflicted on seedlings that CG was more likely than when similar damage was applied to juvenile plants mirroring results found in the animal kingdom (e.g., Taborsky, 2006).

Finally, in a series of papers that relate CG to the enhancement of forest productivity since the concept of CG being introduced into forestry research to explain diverse post-thinning stand dynamics by Li et al. (2018), started from establishing a CG conceptual framework for seeking ways of enhancing forest productivity, one of the most desirable outcomes from sustainable forest management, and proposing a research roadmap by Li et al. Accordingly, Li et al. (2021) reviewed modern CG research development and examples from various fields and how different industries benefitted from CG research. Followed by presenting empirical evidence of diverse CG patterns including overcompensation in forest stands across Canada in Li et al. to support the CG conceptual framework. Further, Li et al. and Li et al. (2024) demonstrated that the outcomes of CG are predictable through a statistics-based TreeCG (Tree Compensatory Growth) model. Based on the life-history theory, the TAG (Tree Adaptive Growth) model was developed by Roitberg et al. that proved the previously overlooked overcompensation phenomenon is an expected outcome for trees, in a manner similar to other organisms despite their relatively slow growth and great longevity. As important from an applied-ecology perspective, such responses from individual trees can be scaled up to stands, demonstrating that proper pre-commercial thinning can increase productivity of forests in the long-term.

In sum, this Research Topic provides new insights on how and why CG occurs in nature and, like any good investigation, it raises new questions such as how climate change might alter such responses in the near future. What is clear, however, is that nearly all living organisms are dynamic and will respond in kind as the world changes. CG is an across taxa phenomenon, that although trivial at first glance (growing more when resources become more available after an initial shortage), has complex impact on life histories of organisms.
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This review and synthesis article attempts to integrate observations from forestry to contemporary development in related biological research fields to explore the issue of forest productivity enhancement and its contributions in mitigating the wood supply shortage now facing the forest sector. Compensatory growth has been clearly demonstrated in the long-term precommercial thinning and fertilization trial near the Shawnigan Lake, British Columbia, Canada. This phenomenon appears similar to many observations from other biological fields. The concept of compensatory growth can be applied to forest productivity enhancement through overcompensation, by taking advantage of theories and methods developed in other compensatory growth research. Modeling technology provides an alternative approach in elucidating the mechanisms of overcompensation, which could reveal whether the Shawnigan Lake case could be generalized to other tree species and regions. A new mitigation strategy for dealing with issues related to wood supply shortage could be formed through searching for and creating conditions promoting overcompensation. A forest growth model that is state dependent could provide a way of investigating the effect of partial harvest on forest growth trajectories and stand dynamics. Results from such a study could provide cost-effective decision support tools to practitioners.
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Introduction

Forest productivity has historically been a central concern in forestry, due to its close relation to timber production (Leuschner, 1984; Avery and Burkhart, 1994; Wenger, 1984) and ecosystem services such as biodiversity and wildlife habitat protection (Jenkins and Schaap, 2018; Felton et al., 2020) and carbon storage (Canadian Council of Forest Ministers, 2000; Davis et al., 2001). This concern has become urgent recently due to increasing market demands and potential climate change impact (IPCC, 2007), and enhancing concern for environmental protection (FAO, 2016). As a result, accurate estimation of forest productivity appears crucial in decisions of sustainable forest management. Here we attempt to provide a systematic review on the subject and apply the concept of compensatory growth (CG) to explain the forest dynamics after experiencing a partial mortality caused by both anthropogenic and natural disturbances. This synthesis is aimed at offering a new approach of handling wood supply shortage related issues.


Forest Productivity

The term forest productivity has been widely used in forestry-related literature (Crow et al., 2006; Keeling and Phillips, 2007; Zhang et al., 2012; Van Bogaert et al., 2015). However, this term could mean different things to different people. Two meanings can be identified: cumulative increase and net annual increase of forest volume.

Odum (1959) distinguishes between primary productivity (the rate at which energy is stored by photosynthetic and chemosynthetic activity of producer organisms, chiefly green plants) and secondary productivity (the rate at which the carbon stored by primary producers is assimilated by animals or decomposers). Primary productivity is further divided into gross primary productivity, “the total rate of photosynthesis including the organic matter used up in respiration during the measurement period,” and net primary productivity (NPP), “the rate of storage of organic matter in plant tissues in excess of the respiratory utilization by the plants during the period of measurement.” In the context of a forest, NPP includes not only the biomass in trees, but also that in herbs and shrubs, although the biomass of herbs and shrubs is usually negligible compared with that of trees. These definitions have become standard in the ecological literature. Thus, the net productivity of trees (the items of interest to most foresters) usually closely approximate the NPP. The term “productivity” is noteworthy because it is a rate and involves acquisition of photosynthate per unit time.

From a forestry perspective, forest productivity is often defined as the standing forest volume at a given time t, Vt, which is the cumulative increase of stand volume since the stand was initiated (at t=t0). It is referred to as yield in studies of forest growth and yield (Avery and Burkhart, 1994; Weetman and Mitchell, 2013). Typically, the term productivity is used to account for the accumulation of aboveground stem wood in standing trees, although it may also include below-ground accumulation. Vt will generally increase with stand age and generally a plot of volume over time has a sigmoid shape that asymptotes at the site’s carrying capacity. Forest productivity is generally the basis for evaluating current forest inventory, planning bio-economy and sustainable forest management, and assessing current and future wood supply. This cumulative increase definition will be used in the current study. For carbon related studies, this definition of forest productivity is mainly concerned with carbon storage (Kurz et al., 1992; Kurz et al., 2009).

Research on forest productivity can be categorized in two ways. Most efforts have been focused on how to improve evaluation methods and accuracy of current forest productivity for a given site or forest (e.g., Martin, 1991; Huang et al., 2001). These efforts were aimed at deepening the understanding of the dynamics of ecosystems and increasing the potential of biomass production, which would improve regional carbon budgets. Such studies may also contribute to the evaluation of the effects of climate change (e.g., Biosvenue and Running, 2006). By contrast, other studies are devoted to exploring whether current forest productivity could be enhanced under normal conditions, and if so how and to what extent the enhancement could be implemented (e.g., Norby et al., 2010). Such studies enhance predictions as to future forest productivity under various conditions, including silvicultural operations.

Enhancing forest productivity will help meet the increasing wood utilization demands, especially when more frequent natural disturbances under a wide range of climate change scenarios could increase wood supply shortages (Li et al., 2000; Kirilenko and Sedjo, 2007).

Forest productivity enhancement can be viewed from two different approaches: proactive vs. passive. From a proactive perspective, the research focus is on the conditions that promote forest productivity enhancement. Here, one might view enhancement of forest productivity as a possible natural solution to resolve the issues related to wood supply shortage, because increased forest productivity would provide more wood volume being harvested for forest products such as lumber and pulp. The challenges involved with this approach include both scientific and operational investigations. From a biological and ecological view, the questions focus on what determines forest productivity, and whether and how it could be enhanced to satisfy increasing utilization demands, as well as ecosystem carbon dynamics and health and integrity as a whole. From an operational view, however, one would expect to see practical examples of forest productivity enhanced after some conditions have been applied such as silvicultural treatments. The stand volumes of the sites treated by precommercial thinning (PCT) exceeded those of control sites displayed in the long-term PCT effect studies of balsam fir in the Green River, New Brunswick (Pitt and Lanteigne, 2008) and Douglas-fir in the Shawnigan Lake trial in British Columbia (Li et al., 2018), which are examples of such treatments.

From a forest company’s operational perspective, however, both the proactive approach described above and the passive approach must be taken into account. The passive approach answers the question of what to do to make the best use of current forest productivity. This approach includes full, multiple, and optimal utilization of current forest productivity through matching the right fiber attributes with the right products, in the right place at the right market time (e.g., Li, 2009), and optimization technology in the operations research could play an important role. The passive approach also involves the direct application of the basic principles of forest economics. For example, Brodie and Tedder (1982) provided an example in considering the effect of regeneration delay on harvest scheduling for both surplus and deficit forest inventory. It can also include the design, analysis, and higher-level plans such as the application of global forest product models (e.g., Buongiorno et al., 2003). This approach needs to also take into account, the risk of natural disturbances, including fires, pests, windstorms, and extreme weather conditions (e.g., Li et al., 2000; Schelhaas et al., 2003; Keane et al., 2004; Seidl et al., 2011; Gustafson and Sturtevant, 2013; Kretchun et al., 2014; Gustafson et al., 2017; Navarro et al., 2018; Díaz-Yáñez et al., 2019; Lavoie et al., 2019), and the effects of climate change (Martin-Benito et al. 2008; He et al., 2017; Montoro Girona et al., 2019; Gustafson et al., 2020). In the current study, more attention will be paid to the proactive approach, i.e., directly working from biological and ecological enhancements, and we will leave the passive approach to others.



Limits for Forest Productivity

Forest productivity is mainly limited by factors such as resource availability to the trees on site, and physical conditions at a site (Barnes et al., 1998; Odum and Barrett, 2005; Martin-Benito et al. 2008). These resources may include light, space, soil nutrients, and water, etc. Physical conditions may include elevation, topography such as slope and aspect, climate and weather variables and their dynamic patterns over time.

The theoretical expectation of resource-dependent forest growth can be traced back to the famous Clementsian forest succession concept of “forest ecosystem change occurring over a range of decades to centuries with resulting change in composition structure, and biomass of vegetation” (Barnes et al., 1998 p. 41). Forest succession has been stated as a “universal law” that “all bare places give rise to new communities except those which present the most extreme conditions of water, temperature, light, or soil” (Clements, 1916). Its significance persists and was described by Eugene Odum (1969) as critical for human society. Despite different viewpoints, critical reviews, and new perspectives, the basic principles of forest succession theory remain unchanged in three ways: (1) succession is an orderly process that is reasonably directional and therefore predictable; (2) succession results from modification of the physical environment by the community, i.e., “community controlled”; and (3) succession will culminate in a stabilized (climax, mature) ecosystem with homeostatic properties (McIntosh, 1981). From a perspective of plant population ecology, the biomass of a population will increase with time or stand age and gradually and eventually reach a plateau or mature (climax) state.

The conventional theory of forest succession predicts the growth of a forest over time up to a level of dynamic equilibrium represented by a climax (mature) community. This general pattern, in a graphical form, can be characterized as a sigmoid shape with volume over time increasing until an asymptotic status is reached wherein the level of the plateau will be determined by the site carrying capacity, which represents the maximal capability of supporting and maintaining biomass at the site. Consequently, forest growth models at the stand level also generally have such a form. However, increasing observations of age-related decline in forest productivity suggest that forest growth patterns might not always be congruent with the predictions from forest succession theory, at the community level (e.g., Ryan et al., 1997; Binkley et al., 2002; Berger et al., 2004; Zaehle et al., 2009; Kuuluvainen and Gauthier, 2018).

Similar theories are also reflected in the study of the relationship between forest productivity and stand density, as summarized in Baskerville (1965) as follows:

“There are two principle theories dealing with the correlation of forest production to stand density. The one put forward by E. Assmann states that growth per unit area increases with increased stocking until optimum production is reached at some definable density. Beyond this point, production decreases. Assmann used basal area expressed as a percent of the basal area of fully stocked stand as his measure of density. His hypothesis was developed largely from an analysis of classical European yield tables and from observation of European thinning experiments. Assmann held that optimum production occurred within a very narrow range of densities and only on exceptionally good sites would the curve be broad, indicating roughly equivalent production across a wide range of densities.

The second general hypothesis is that put forward by C.M. Möller. He postulated that production increases with increased stocking up to the point of full occupancy of the site densities hence production should be equivalent provided the balance of non­photosynthetic area to photosynthetic area did not exceed critical limits. Respiration would become limiting only in very high density stands where the surface area of boles and branches (the non-photosynthetic respiring area) increases greatly. Möller tested his hypothesis using Danish thinning practice in Norway spruce and beech and found it was upheld.

The two hypotheses are seen to differ only in respect to the range of densities across which production is optimum. Of critical importance therefore is the parameter of density. There is a need for a measure of stocking which is related to full occupancy (carrying capacity in the sense of population dynamics) in absolute terms. One would expect that for a given soil there must be a maximum rate at which nutrients and water can be made available to plants and that rate determines the amount and nature of roots occupying that soil. Similarly the maximum amount of foliage a given species, or combination of species, can effectively display to the sun determines the upper limit of intercepted, and hence effective radiation. The interaction of these maxima would produce the greatest dry-matter production; all other combinations would produce lesser amounts. It would be convenient to express this measure of stocking in terms of a common stand parameter such as basal area per acre.”

Resource-dependent forest growth is also closely related to the concept of carrying capacity, which has been used widely in theoretical biology and population ecology for characterizing the maximal capacity of biomass that can be supported and maintained for a given site (Martire et al., 2015). Hui (2006) summarized that the carrying capacity of a biological species in an environment is the maximum population size for that species that the environment can sustain indefinitely, given the food, habitat, water, and other necessities available in the environment. In population biology, carrying capacity is defined as the environment’s maximal load. It is different from the concept of population equilibrium. Its effect on population dynamics may be approximated in a logistic model, although this simplification ignores the possibility of overshoot, which real systems can exhibit. In mathematical form, the carrying capacity usually has an abbreviation of K, and it is usually called K value. Note the K value for any site likely varies over time.

In nature, the pattern of forest growth over time could be influenced by a number of factors such as site index and species (King, 1966; Means and Helm, 1985; Martin, 1991). In contrast with K, a quantitative parameter, the site index includes both quantitative and qualitative parameters. It is defined as the tree top height at the age of 50 years, and can be seen as a combined indicator from various nutrients, water, and site physical conditions. Site index also represents resource availability at the site when other physical site conditions are fixed. Due to differing growth and maturation requirements, different tree species could also respond to the site conditions in different manners. As a result, forest growth equations have demonstrated diverse forms in different geographical locations for different tree species. For this reason, forest growth models are site-specific and species-specific.

The concept of site index has been critical in the development of forest growth and yield models (Martin, 1991; Huang et al., 2001). The site index is a measurement commonly used by foresters to describe the productivity of a site, usually defined as dominant tree height at 50 years old (King, 1966). One example of its utility comes from the development of the TASS model in British Columbia, Canada, which stands for Tree and Stand Simulator (Mitchell, 1975). All the simulations are based on the estimated site index, and tree growth is proportional to the crown size. In other words, site index determines the upper limit of tree growth—maximized crown size—and size and shape of tree stems are determined by the realization of the maximized crown size.



Thinning Induced Compensatory Growth and Overcompensation

It has been widely observed that tree growth, in terms of diameter and total height, in PCT trials can result in increased growth rates relative to that from untreated sites in the short term (e.g., Bose et al., 2018). This is known as released growth of the remaining crop trees (Miller et al., 2007). It is easy to see that PCT reduces stand density and results in trees with larger diameters than those from untreated sites. This outcome is so common that it has been routinely applied in forestry practices to obtain tree forms that are most desirable for later processing into lumber products.

Intuitively, if this increased growth rate persists in the long term, any volume initially lost in PCT operations will be replaced over time and eventually the total stand volume will equal or even exceed stand volumes produced in untreated sites (Montoro Girona et al., 2017). Individual tree-based models (e.g., Korzukhina and Ter-Mikaelian, 1995; Battaglia and Sands, 1998; Ancelina et al., 2004) could be an interesting tool to understand this inference. This phenomenon, however, is not often reported in the literature due to the short period of observation remaining after PCT as mandated by present guidelines. For example guidelines mandate a post-PCT observation period of only 10 years for Douglas-fir (e.g., Reukema, 1975). Nevertheless, this phenomenon has been described in some long-term PCT trials such as one on balsam fir in Green River, New Brunswick, Canada, in which the stand volumes in treatment sites were about 15% higher than those from untreated sites, 42 years after the initial treatments (Pitt and Lanteigne, 2008). However, the mechanisms underlying these kinds of results are a matter of some debate. Due to its one-time measurement (i.e., measurement was made on trees at final felling), many questions could not be properly answered (re-measurement is no longer possible), and many researchers concluded that the results were simply an anomaly. Nevertheless, with the discovery from a data analysis of 40-year PCT and fertilization trial in Shawnigan Lake, British Columbia, Canada, which contained multiple measurements of the sites, it has become clear that the released growth of surviving trees can persist into the long term indeed and result in the stand volumes in treated sites that equal and exceed those from untreated sites (please see Shawnigan Lake PCT and Fertilization Trial Overview for a detailed overview of the case analysis). A growth response pattern to PCT is similar to the CG observed in other biological research fields; consequently, the framework of CG was used to explain the observation (Li et al., 2018). CG is a special case of growth response specifically for growth responses after thinning operations, and overcompensation has been used to describe the state when stand volumes in treated sites exceed the ones from untreated sites. CG could be extended to include shelterwood treatments (Bose et al., 2014; Pamerleau-Couture et al., 2015; Montoro Girona et al., 2016, Montoro Girona et al., 2018; Bose et al., 2020) and windstorm (Coates, 1997; Ruel et al., 2003; Montoro Girona et al., 2019).

The observed overcompensation from the Shawnigan Lake trial appears undisputable and is of great interest in terms of deepened understanding of the roles of thinning operations and search for conditions that promote forest productivity enhancement. If the role of PCT is merely for stand density management, forest productivity resulting from careful design of spacing during plantation and from PCT operations should be more or less the same. In other words, perfect design of spacing during planting should produce the same effect as without spacing in PCT operations. Harvested wood in PCT operations has no significant commercial value as lumber or generally any other forestry commodity. However, jack pine tree research (Tong and Zhang, 2005) has shown that the effects of initial spacing and the effects of subsequent PCT are probably not the same. Apparently, best results in terms of tree growth and stem quality can be expected from a narrow initial spacing during planting, followed by a later PCT.

Overcompensation is equivalent to enhanced forest productivity. In other words, if the mechanisms responsible for overcompensation can be understood, forest productivity could be enhanced through creating the right conditions, and forestry practices could benefit from applying operations that create such conditions. To reach this goal, the following questions need to be answered:

	What is/are the mechanism(s) behind CG and overcompensation?


	What factors trigger or determine the CG and overcompensation?


	Does CG aid in productive and sustainable outcomes, and can it persist over time?


	If PCT can serve as a stimulus to the remaining trees, what sorts of optimal thinning operations are needed to obtain maximized overcompensation?


	And eventually, is it possible to predict CG and overcompensation?






Objectives of This Review and Synthesis

The objectives of this review and synthesis article are twofold: to provide a conceptual framework for analyzing CG and to estimate CG contributions to forest productivity enhancement. Forest Productivity Prediction provides an overview of different modeling approaches and examples of characterizing forest growth. Role of Compensatory Growth presents a general overview of CG from different perspectives, a definition and numerical examples of CG, a brief description of CG observed from the Shawnigan Lake PCT and fertilization trial, and possible explanations of general CG from related research fields. Possible Generalization of Overcompensation to Other Species and Geographical Regions provides a summary of possible approaches to generalize overcompensation to other tree species and geographical regions, and the pros and cons associated with them. This article will conclude with some research recommendations.




Forest Productivity Prediction

Forest productivity at any given site varies over time, subject to normal birth, growth, and death processes of trees (Botkin et al., 1972; Botkin, 1993; Bugmann, 2001), as well as from different natural and anthropogenic disturbance regimes including fire (Prentice et al., 1993; Li and Apps, 1995; Keane et al., 1996; Li and Apps, 1996; Li et al., 1997; Li, 2000; Li et al., 2005; Barclay et al., 2006; Li and Barclay, 2008), pest (Safranyik et al., 1999; Safranyik et al., 2001; Li et al., 2005; Hennigar et al., 2008; Li et al., 2008), climate (Allen and Breshears, 1998; Li et al., 2000) and weather such as windstorm (Ruel et al., 2003), partial harvest and fertilization (Aber et al., 1978; Aber et al., 1982), etc. Substantial initiatives and different modeling approaches have been used to predict the dynamics of forest productivity, and these efforts could be categorized into age-dependent, resource-dependent, and state-dependent forest growth models that depend on both internal and external states of trees.


Age-Dependent Forest Growth Models

Conventional age-dependent growth models are mainly empirical, data-based, statistical models commonly used for forest inventory evaluation, yield table generation, future wood supply forecast, and sustainable forest management (including harvest) planning. These models are site and species specific, and intensive field data collection, such as permanent sampling plot (PSP) and temporal sampling plot (TSP), are required to estimate parameters and improve the accuracy of the model predictions. These models predict the temporal dynamics of forest productivity and generally have a sigmoid shape wherein their saturation levels are determined by the carrying capacity of the site. These models reflect the natural courses of different stand types and provide tools for suitably estimating the productivity of natural stands.

The age-dependent forest growth models have the longest history of development and have the most mature form compared with other modeling approaches. The accuracy of model predictions has been improved over time through the enhancement of modeling systems. For example, the early growth and yield prediction system in Alberta was developed in 1984 from the phase III of the provincial AVI program (Alberta Forest Service, 1984; Huang, 1994). The system was relatively simple in equation form and provided an easy method of projecting current forest inventory into the future. It has been used in a spatially explicit model for landscape dynamics for reconstructing natural fire regimes (Li, 2000). The growth and yield prediction system (GYPSY) was developed in 2001; it provided a much more detailed and accurate description of forest growth and yield in the province for different tree species in different regions (Huang et al., 2001). The GYPSY model has been the standard growth and yield prediction system for Alberta and was further refined in 2009 (Huang et al., 2009). However, in the past two decades, increasing evidence suggested age-related decline that is inconsistent with the existing forest succession theory (e.g., Gower et al., 1996; Ryan et al., 1997; Berger et al., 2004). Some of the age-dependent forest growth models have incorporated this phenomenon (without specifying a particular mechanism), such as in Manitoba and Saskatchewan, Canada (Manitoba Conservation and Water Stewardship, 2013; Saskatchewan Ministry of Environment, 2017). These observations raised a question of their effect on the accounting of site productivity. Nevertheless, this topic is beyond the scope of the current review and synthesis.

Growth and yield prediction systems are usually region-specific and developed for difference provinces of Canada. In British Columbia, for example, The Ministry of Forests, Lands and Natural Resource Operations developed a tree level growth and yield model named TASS (Tree And Stand Simulator), which predicts the potential growth and yield of even-aged, single-species, managed stands for ten commercial tree species in British Columbia (Mitchell, 1975). A provincial system for predicting growth and yield of natural stands is also developed (Martin, 1991). These BC models are also used in Yukon for adjusted site levels. In Alberta, in addition to the GYSPY model, a Mixedwood Growth Model (MGM) is also developed (Bokalo et al., 2013). These Alberta models are also used in Northwest Territories. MGM and MGYPSY (adapted from GYPSY) are being used in Manitoba. In Ontario, Penner (2008) provided yield prediction for mixed species stands, and documented validation of empirical yield curves (Penner et al., 2008). In Quebec, a stand-level growth and yield model named NATURA-2009 is available for even-aged stands to predict the growth of merchantable trees (Pothier and Auger, 2011). For uneven-aged stands, a tree-list growth and yield model named Artemis-2009 is available (Fortin and Langevin, 2010). In New Brunswick, a stand-level growth and yield is forecasted using a tree list model named Open Stand Model (OSM), which is similar to the Forest Vegetation Simulator (FVS) model (Dixon, 2002), but calibrated for the Acadian Forest region using the provincial permanent sample plots.

Ultimately, an age-dependent forest growth modeling system can provide estimates of forest volumes for particular tree species at specific sites at any stand age. In other words, under ideal situations, age-specific forest volumes can be calculated once the species and site conditions are known.



Resource-Dependent Forest Growth Models

Resource-dependent forest growth models are mainly useful in stand density management practices for determining how forest volumes of a stand can be altered by different stand densities. There are three main categories of these forest growth models: variable-density yield tables, stand density management diagrams, and process-based mechanistic models.

Variable-density yield tables are a conventional yield prediction method developed to account for the yield changes due to different stand densities. Such efforts can be traced back to 1940s for natural stands (e.g., Mulloy, 1944). Johnstone (1976) developed a technique to facilitate assessment of past stand development from single-examination-plot PSP data to construct the yield tables for essentially pure, natural, and unmanaged, even-aged lodgepole pine stands of Alberta. The effect of stand density on top height of trees was represented by the following equation:

 

where TopHt is the top height defined as the arithmetic average height of the 100 largest trees per acre, A is the stump-height age measured at 1.0 foot above ground level, and Stems is the total number of living trees equal to or greater than 0.6 inch diameter at breast height (DBH) outside bark. Using this equation, the author generated several yield tables for stands ranging in age from 20 to 100 years, high- to low-productivity sites, stand densities of 500 to 2,000 stems per acre at age 70 years, and quadratic-mean diameters from 3.0 to 8.5 inches at the same age.

The stand density management diagram (SDMD) is a graphical tool for relating stand density, tree size, and stand yield. It is a graph of mean tree volume and stand density on which the maximum size-density relationship has been superimposed. The relationship is based on the concept of maximum size density as a general principle of plant population biology: in pure even-aged stands, the maximum mean tree size attainable for any density can be determined by a relationship known as the −3/2 power law:

 

where Vol is mean stand volume, Density is stand density, and α is a constant.

A SDMD is constructed by plotting mean tree volume against stand density on a double logarithmic scale (Drew and Flewelling, 1979). Two lines, one showing the maximum size-density relationship and another representing the lower limit of the zone of imminent competition mortality are usually included in most SDMDs. Several isolines are also drawn for stand top heights (representing height growth as a measure of site productivity) and quadratic mean diameter of a stand (representing stand diameter at a given age is altered given changes in establishment density). A crown closure line is also drawn and represents the points at which the crowns of trees in stands of different densities start to interact. These isolines can be calculated through multiple simulations using age-dependent forest growth models. For example, Farnden (1996) was able to use simulation results of a TASS model to construct SDMDs for lodgepole pine, white spruce, and interior Douglas-fir of British Columbia, Canada.

Both variable-density yield tables and stand density management diagrams are obtained from summaries of multiple simulations using empirical data-based, age-dependent, forest growth models. In other words, they are essentially an extension or application of age-dependent forest growth models.

Resource availability is a limiting factor in tree growth, and trees will likely grow faster with increased resource availability. Intuitively, therefore, trees that remain after partial harvest or other stand density management procedures would have extra resource accessibility and hence increase their growth rates. Consequently, resource-dependent forest growth models should be able to demonstrate the increased growth, either in DBH or TopHt, in stand dynamics after partial harvest. Such increased growth rate will inevitably result in observed CG, probably under CG, and eventually fully compensate the volume loss from the partial harvest operations. Nevertheless, it might be difficult to demonstrate overcompensation because of tree growth ceiling due to resource availability on site.

Although average stand volume can be estimated from these resource-dependent forest growth models, the effect of uneven spatial distribution of resources on the tree growth is rarely taken into account, even though this might be important in explaining the variations displayed in observations. Mechanistic modeling approaches have thus been employed to develop the TASS model (Mitchell, 1975), which is the foundation of simulating forest growth of managed stands in British Columbia, Canada.

The TASS model is also resource-dependent by way of maximal tree growth that is limited by the maximum crown development. In the model design, tree growth is assumed to be a fraction of crown development and spatial variations of resources. The TASS model appeared sensitive and capable of simulating forest dynamics after frequent small disturbance events and subsequent CG (Figures 13–16, and 18 of Mitchell, 1975), though the CG terminology was not used in the document. The simulated basal area increment from a row thinning was less than that from a checkerboard thinning regime, and various intensities of deer browsing had little effect on the final yield; in short-term simulations, their results likely describe growth during the phase of undercompensation. Nevertheless, the phenomenon of overcompensation may still be a question of representation in the simulation results if the simulations had continued over the long term. For this reason, running long-term simulations using TASS to reproduce the Shawnigan Lake trial could serve as a test and examination.

The overcompensation phenomenon observed in the long-term PCT trial in the Green River case and the combined PCT and fertilization trial in the Shawnigan Lake case might be difficult to explain using resource-dependent forest growth models because available resources are assumed to be utilized in full by normal stands already. Therefore, we propose that a state-dependent forest growth modeling approach should be introduced.



State-Dependent Forest Growth Models

Any given organism can be described by values associated with its various states, including size, age, energy reserves, etc. The logic behind employing such variables lies in the fact that growth, for most organisms, including trees, is state dependent. For example, large trees with extensive crowns can capture more light energy than smaller trees belonging to the same species (conspecifics), but at the expense of higher maintenance costs and greater risk of mortality from wind (see Loehle, 2016). The job of a forest ecologist is to determine the key states that drive tree growth and forest productivity and there is a huge number of possible states that could be measured. For example, in a simulation model based approach, Buckley and Roberts (2006) developed a tree growth model (Deducing Emergent Structure and Physiology Of Trees or DESPOT) with at least 15 state variables to determine optimal carbon allocation to control various physiological processes to maximize net carbon gain. All of these processes and state variables have been identified as potentially important drivers of growth, and the simulations allow for interactions among them in relation to net carbon gain. As noted by Buckley and Roberts, these sorts of models will likely not produce mathematically tractable solutions but can be used to inform predictive modeling. By contrast, plant response manipulation through optimal stimuli or thinning is the state-dependent analytical approach that produced insights and predictions. One drawback is that these models are limited to just a few state variables thus requiring researchers to identify key state variables.

At the forest level, a good way of identifying and grouping states is to choose bins of appropriate size and then assign trees to these bins, across the entire forest. For example, a biologically reasonable bin size for age state would be one year; however, that fine a scale might be computationally unmanageable for forests that are tens or hundreds of years old. For tree height, bin size might be in multiples of meters. In the end, the entire population can be described by a distribution of trees across bins. Note that within a particular state (e.g., size) all individuals in a given bin are assumed identical; however, as we describe more states (e.g., now include age) the number of permutations or dimensions increases. Even in an even-aged stand, size and growth rate can be highly variable (Boyden et al., 2008). Again, computational issues arise as the number of states and bins increases; this is particularly true for analytical approaches such dynamic programming, sometimes referred to as the curse of dimensionality (Mangel and Clark, 1988).

Whether using individual based simulations or more analytically tractable state-dependent models, it is possible to calculate forest productivity by summing up a given variable across all trees in a particular forest. The key here is that carbon accumulation is not a logical phenomenon but rather the outcome of well-understood physiological processes that vary across tree states in heterogeneous forests. Interactions among these state variables and their associated physiological processes may generate emergent properties that might not be intuitive from single parameter assessments. For example, these models should generate the −3/2 power relationship without being constrained to doing so. In fact a good test of these models is to compare their predictions with real world patterns.




Role of Compensatory Growth


Compensatory Growth

Forest growth response (GR) is the term widely used in forest science for describing measured variables such as DBH and TopHt from treated sites, compared with those from untreated control sites, or the forest growth trajectories including those after PCT and other silvicultural treatments such as fertilization (Montoro Girona et al., 2017; Oboite and Comeau, 2019; Puhlick et al., 2019). GR appears to be a straightforward description of how forests respond to any disturbance or stimulus, and can be applied at both the individual level and the population level of trees.

While GR covers a very broad range of growth trajectories under both normal and abnormal (either advantageous or disadvantageous) environmental conditions, CG focuses on the growth trajectories after certain disadvantageous conditions (Guillet and Bergström, 2006; Rea and Massicotte, 2010; Erbilgin et al., 2014). Therefore, CG is a special case of GR. Though both GR and CG can characterize forest response to PCT, CG might be more specific and appropriate than GR; regardless, the diverse observations (with and without overcompensation) need to be examined and possible mechanisms explained. In this regard, ideas from CG research such as compensation and overcompensation could be introduced, which can serve as the starting point for exploring possible mechanisms. There are two streams of CG research: psychological behaviors (in the broad sense, see a summary by Hoffman, 2020) and ecological/biological responses.

In the field of behavioral ecology, which differs from human-based psychology, an evolutionary perspective is usually used to consider trade-offs in terms of inclusive fitness from benefit-cost analysis (Mangel and Munch, 2005; Bourke, 2011; Ferriere and Michod, 2011; Davies et al., 2012). In other words, conscious reactions need not be used but rather the focus is on responses or reactions that are selected or favored by natural selection. As such, behavioral ecologists seek behavioral strategies that maximize an individual’s lifetime reproductive success (Kalbe et al., 2008). Such strategies could include changes in growth response as a function of resource availability (Hoi et al., 2013), competition (Segers and Taborsky, 2012), or abiotic conditions (Debecker and Stoks, 2019). Thus, behavioral ecologists might ask whether facultative overcompensation, under some conditions, could confer a selective advantage (i.e., the function) over inflexible conspecifics and how such responses could be generated (i.e., the mechanism).

The phenomenon of overcompensation was probably observed first in plants in the 1920s in crops such as cotton in which removal of early reproductive organs of flower buds and squares could stimulate further growth thus generating overcompensation in the final yield. As a result, Eaton (1931) proposed this could be a means of increasing cotton yield without influencing the quality of cotton fiber. The capacity of this CG and overcompensation appeared to persist until the end of the growing season. CG was also observed in animals such as rats (Osborne and Mendel, 1915; Osborne and Mendel, 1916; Jackson, 1937) in which accelerated growth was exhibited when food intake was restored following a period of shortage. Animals later became traditional main objects of behavioral ecology research probably because of their relatively fast reaction time and short lifespan, until McNaughton (1985) who found that grazing increased grassland aboveground productivity with optimal results at intermediate grazing intensities; he concluded that CG mechanisms might be the driving forces determining plant productivity.

Given the demonstration of CG across kingdoms, questions remained as to its evolutionary advantage. Plants have received more attention in recent years, especially with the publication of a special issue of “Beyond traits: integrating behavior into plant ecology and biology” (Cahill, 2015). The main differences between animals and plants are mobility and photosynthetic ability; nevertheless, there are many similarities such as those displayed in movement of root systems and competition for nutrients and light. We might expect there to be differences in the driving mechanisms between plants and animals, but the behavioral ecology focus on the function of CG remains.

Though many behavioral ecologists focus on individuals, it is possible to scale up to the population or community level. In that regard, forests have been reported to have different capabilities of growth compensation after disturbances, such as CG after PCT operations. However, difficulties in deciding whether or not to implement PCT in forestry practice requires a better understanding with mechanistic explanations and solutions to facilitate informed management decisions. Here, practitioners could benefit from studies of the possible mechanisms of compensation and overcompensation from behavioral ecology research. With these in mind, we now describe the current understanding of CG in behavioral ecology.

The most common mechanism of CG is resource-dependent protection and defense from disturbances. Essentially, it is a survival strategy of organisms under disadvantageous conditions (Mangel and Munch, 2005). An animal’s body size is usually an important characteristic influencing mating choice and reproductive success, thus increasing body size is often a surrogate for increasing life-time fitness, and is favored with the trade-off risk of being discovered and captured by predators. When disadvantageous conditions occur, nutrient intake could be reduced through lower quality or quantity of food sources with requisite decline in growth rate. When food sources are restored, animals would tend to increase nutrient intake and thus increase their growth rate to achieve normal growth. Many examples have been documented including in insects (Hoi et al., 2013; Debecker and Stoks, 2019), fish (Ali et al., 2003; Azodi et al., 2016; Gabriel et al., 2018), mammals (Bohman, 1955), birds (Wilson and Osbourn, 1960), grass (McNaughton, 1983), and livestock (Yambayamba and Price, 1991; Zubair and Leeson, 1996; Therkildsena et al., 2004). As a result, CG research is no longer a pure but also an applied science that benefits different industries including crop protection and pest management, herbivory and rangeland management, fishery management, and farm animal production. This subject goes beyond the scope of the current review, and thus can be summarized elsewhere.

Literature about CG contains some explanations for the CG phenomenon. One such hypothesis is the hypothetical growth curves of control and diet-restricted treatment groups, which represent the comparisons used in the slope analyses, where the slope of size increments in a treated group is higher than that from a control group. The situation of PCT, which is different from a normal completed CG process, is represented by the shaded area of Figure 1 where PCT caused immediate biomass (size) removal and the effect of PCT to stand volume is readily apparent, and the CG process following PCT occurs right after the boundary between the shaded and non-shaded areas. The timing of thinning (PCT vs. CT) will determine the location of the boundary between the shaded and non-shaded areas, and the period required to reach full CG. Nevertheless, the final sizes of both groups are assumed to be the same, i.e., full CG.




Figure 1 | Hypothetical growth curves of control and diet-restricted treatment groups in the slope analysis. The shaded area represents the restriction period, and the non-shaded area represents the period after restriction (redrawn from Hector and Nakagawa (2012)).



This scenario can be explained in the mathematical form of

	(3)

where K is carrying capacity, and α and β are parameters. Figure 2 shows the sigmoid curves with a different parameter α. A higher value of α could result in reaching the carrying capacity K earlier than with a lower value of α.




Figure 2 | Sigmoid curves with two different values of α (redrawn from Onoda et al. (2011)).



If this explanation holds, empirical evidence should be sought in the field of silvicultural research. A good example can be gleaned from our Shawnigan Lake PCT and fertilization experimental data analysis (Li et al., 2018), and this example could provide a starting point for identifying conditions of overcompensation.



Shawnigan Lake PCT and Fertilization Trial Overview

The Shawnigan Lake PCT and fertilization experiment provided a good example of how CG and overcompensation occurred over time, because of the multiple measurements taken before and 1, 3, 6, 9, 12, 15, 24, 30, and 40 years after the treatments. Each measurement was conducted at each of the combinations of three levels of PCT (0, 1/3, and 2/3 basal area removal) and three levels of fertilization (0, 224, and 448 kg N/ha). Each combination had either two or four replications (Crown and Brett, 1975). Consequently, the data analysis produced a detailed characterization of how forests responded to different treatments and clearly showed the processes of CG and overcompensation over the 40-year time horizon. The relative growth of stand volumes in each combination of PCT and fertilization levels to that from the control (T0F0) appears to be the best indicator of progressive changes of CG and reaching overcompensation (Figure 3).




Figure 3 | Relative growth of stand volume over time under different treatments (redrawn from Li et al. (2018)).



The volume-based analytical results showed that the numbers of years to reach equality of volume was dependent on the levels of fertilization and thinning intensity. For example, if the thinning intensity was fixed at 50% basal area removal, reaching full CG could require less than 30 years when 448 kg N/ha was applied, about 35 years when 224 kg N/ha was applied, and over 60 years when no fertilizer was applied. A value-based assessment could display this trend with a clearer picture: lumber value can serve as an alternative indicator of CG (unpublished results, will be presented in Li et al. in prep.). The results confirmed that favoring lumber production and overcompensation could be reached with PCT operations, and the combination of PCT and fertilization treatments should be supported in forestry practices.

We can take a step further from these primary findings to see how they can be translated to an interpolation of stand growth trajectories under different thinning intensities over time for each level of fertilizer application. This can be done by fitting relative volume (percent of control) using the surface fitting program TableCurve 3D, and using the equation

 

where x is percent of basal area removal or thinning intensity, y is year after thinning, z is relative stand volume expressed as percent of control sites, and a, b, c, d, e, and f are parameters with following values in Table 1:


Table 1 | Parameters from a smooth surface fitting analysis.



To illustrate the fitting results, we use the fertilization level of F1 as an example (omit F0 and F2 for now), we have Figure 4:




Figure 4 | Surface fitting results for a fertilization level of 224 kg N/ha treatments in the Shawnigan Lake trial. This relationship can only be applied from year 1 to 40 after thinning treatments, because there are no data after 40 years and any extrapolation beyond this range might result in potential bias. This is due to the uncertainties involved in the growth trajectories after 40 years, and we will deal with these uncertainties in Extrapolation of Growth Trajectories Beyond the Periods of Current Observations.



For the current range of 1–40 years after treatments, we can multiply the normal growth trajectory (from control sites) by the z value to obtain altered growth trajectories. For example, applying the equation for the F1 level to the normal growth trajectory projected by using the Y-XENO model results in the growth trajectories in Figure 5; an economic evaluation of the Shawnigan Lake trial was carried out by Duke et al. (1989).




Figure 5 | Growth trajectories after precommercial thinning (PCT) at the fertilization level of 224 kg N/ha.



Removal00 means control (zero basal area removal), which is equivalent to normal growth trajectory. Removal33 and Removal66 (which represent 33 and 66% basal area removal, respectively) altered the slopes of the growth trajectories and resulted in probably reaching the status of stand maturity earlier. The figure clearly shows the shapes of altered growth trajectories by PCT treatments have a steeper slope in growth pattern than that in the normal/controlled sites. This is consistent with what Soucy et al. (2012) observed in long-term effects of thinning on growth and yield of an upland black spruce stand in Baie-Comeau, Quebec. The authors found that heavily thinned plots (50% of total basal area removal) resulted in a net stand merchantable volume increment 33% greater than that of the unthinned plots. In spite of a spruce budworm outbreak at the affected site, the heavily thinned plots maintained a superior tree growth rate and did not show senescence mortality like the other plots, allowing stand volume to catch up to that of the unthinned plots after 33 years. These provide a foundation for our scenario analysis of how future wood supply represented by regional annual allowable cut (AAC) could be affected by different shapes of growth trajectories (unpublished, to be presented elsewhere).



Definition and Numerical Examples of Compensatory Growth

With the previously mentioned analysis, we can discuss further the definition of CG and explain it using numerical examples.

According to Tuomi et al. (1994), some plants can compensate, and even overcompensate, for the loss of productivity caused by herbivory. McNaughton (1983) and later Rea and Massicotte (2010) defined CG as “exaggerated vegetative growth that results from mechanical damage to plants (e.g., cutting, animal browsing, or breakage from snow) as a physiological consequence of an increase in the root-to-shoot ratio following the loss of aboveground biomass.” In general, CG has often been referred to as the process of accelerated growth of an organism following a disturbance or a period of slowed development due to unfavorable conditions such as low temperature or nutrient deprivation. In studies of fish behavior, as an example, CG has been referred to as a phase of accelerated growth when favorable conditions are restored after a period of growth depression (Ali et al., 2003).

CG is not having only a single invariant state, but a continuum ranging from negative CG when mean periodic annual increments of DBH and/or TopHt in treated sites, mPAITreat, is smaller than that from untreated sites, mPAIControl; to no CG when mPAITreat equals mPAIControl; and to positive CG when mPAITreat is bigger than mPAIControl. Here the mPAI is calculated as  , where i = Treated, or Control, t1 and t2 are the beginning and end time of the observation period, respectively. Figure 6 is a schematic diagram of CG continuum.




Figure 6 | A schematic diagram of compensatory growth (CG) continuum with hypothetical numerical examples.



Some hypothetical numerical examples are used to demonstrate different types of CG for narrative description purposes. Assuming stand volumes in an untreated site are 150 and 300 m3/ha at year 0 and year 10 after the initial treatments as showed in black line, the mPAIControl will be 15 m3/ha. If the thinning operation removed 1/3 of stand volume in the treated site and the stand volume, measured 10 years after the initial treatment, is 250 m3/ha as shown in red line, the mPAITreat will also be 15 m3/ha. In this case, there is no CG observed since mPAITreat = mPAIControl. However, if the stand volume measured 10 years after the initial treatment is smaller than 250 m3/ha, say 200 m3/ha as showed in blue line, the mPAITreat will be 10 m3/ha, and it will then be a negative CG since mPAITreat < mPAIControl. If the stand volume measured 10 years after the initial treatment is larger than 250 m3/ha, say 300 m3/ha as showed in green line, the mPAITreat will be 20 m3/ha, and it will be a positive CG since mPAITreat > mPAIControl.

The negative CG, which causes thinning shock—an unexpected result of reduction in diameter and height growth—is probably rare and short-lived, and would then shift to no CG or positive CG after that period. Harrington and Reukema (1983) provided an example of negative CG observed in a spacing experiment through thinning on a Douglas-fir plantation in the Wind River Experimental Forest near Carson, Washington. The PCT treatments were designed for six stocking levels 875, 625, 500, 375, 250, and 125 trees per hectare (corresponding to spacings of 3.4, 4.0, 4.2, 5.0, 6.0, and 8.1 m) with a randomized block design. They found the immediate effects of the thinning treatments were detrimental including chlorotic foliage, sunscald, and snow and ice damage in the form of broken tops and branches and leaning trees. The height and diameter growth were reduced by thinning. However, the long-term (15–25 years after treatments) effects of increased growing space have been beneficial. Following the initial shock, both diameter and height growth did recover in the thinned plots. In fact, diameter and height growth are greatest at the widest spacing. Nevertheless, due to the significantly fewer trees per plot at the wide spacings, the sharp increase of basal area and cubic volume per hectare have not been great enough to offset the lesser number of trees.

Alternative explanations for the negative CG could simply mean that the organisms are constrained from catching up, for example, if trees performed better in dense groups wherein they reduce herbivory. Or there could be some limiting nutrient (e.g., N) that prevents the tree population from exceeding growth rates of non-thinned trees via CG. However, these phenomena will not be the focus of this current synthesis.

The example presented by Harrington and Reukema (1983) clearly showed how a negative CG translated into positive CG via no CG over the 25 years of observations, in which the no CG state was temporary. This has been theoretically confirmed by Jaremo and Palmqvist (2001). They presented a theoretical analysis that considers the phenotypic trait of CG ability in a context of population dynamics. Their model depicts a system of three interactors: herbivores and two diﬀerent plant types referred to as ordinary and compensating. The compensating plant type has the ability to increase its intrinsic rate of biomass growth as a response to damage. This CG ability is maintained at the expense of a reduced growth rate in the absence of damage, where the ordinary plant type has the higher growth rate. Analysis of this system suggested that, even though a compensatory capacity of this kind will not imply an increase in equilibrium plant density, it will give a competitive advantage in relation to other plants in the presence of a suﬃciently eﬃcient herbivore. Invasion of compensating plants into a population of non-compensating plants is facilitated by a high CG ability and a high intrinsic rate of plant biomass increase. Conversely, an ordinary plant can invade and outcompete a compensating plant when the herbivore is characterized by a relatively low attack rate, and/or when the intrinsic growth rate of a plant is decreased.

The status of positive CG can be further distinguished as undercompensation, compensation, and overcompensation. To evaluate the exact status of positive CG, we can extrapolate the lines beyond the interception of the two straight lines. The location of the intercept indicates where the compensation happens. Before reaching the intercept, there is an indication of undercompensation, and after the interception denotes an overcompensation status, which is what the forestry practitioners seek. In the case presented by Harrington and Reukema (1983), however, overcompensation has not occurred during their 25-year observation horizon despite a transition from negative to positive CG.

Behavioral ecology views CG as a process essentially at the individual tree level. This is because natural selection operates on individuals in a population and selectively favors those individuals and those genotypes that contribute most offspring to subsequent generations. This process leads continuously to an increase in the population of those forms that contribute more offspring than their neighbors. We define “fitness” as the relative numbers of offspring left to future generations by one form compared with others. For this reason a plant might increase its fitness by reducing its number of progeny if a compensating increase in its vegetative vigor deprived its neighbors of the chance of leaving offspring (Harper, 1977). In other words, reduction of the plant numbers in a given area (e.g., a result from thinning) might not necessarily lead to the decrease of fitness, because they could potentially be compensated by increased individual plant sizes that could potentially result in more offspring compared with those from unthinned stands.

Thinning operations may alter the status of environmental conditions for surviving trees, such as reduced competitive pressure and increased availability of resources and nutrients. As a result, individual trees can devote more resources to growth because fewer reserves are required to compete with neighbors. This could be a mechanism of released growth after thinning. Nevertheless, this natural selection favored an individual-level CG process, which could eventually lead to an expression of CG at the population level, if such growth persists for a sufficient period of time.

In Figure 6, the status of positive CG can be demonstrated when the positive (green) and control (black) lines are extended further such as at 12 years. The partial (or insufficient) CG (or undercompensation) refers to the status of stand volumes in treated sites that are in the process of catching up with the one from untreated sites, represented as the portion of positive (green) line 1–9 years after initial treatment. In other words, the difference between stand volumes in treated and untreated sites is narrowing over time. The full CG, or compensation, denotes that no significant difference between the stand volumes in treated and untreated sites, represented as the year 10 after initial treatment where the interception of lines that represent control (black) and no CG (red) lines occur. This compensation can also be called compensation-induced equality (CIE). Overcompensation signifies that the stand volumes of treated sites exceed the one from untreated sites, represented by the portion of positive (green) line in 11–12 years after the initial treatment.

The above method can be applied to every interval between two measurements in the datasets containing multiple measurements. Resulting mPAITreat and mPAIControl may or may not be the same over time, indicating the speed of CG process may not be invariant and could change over time.

It should be noted that the numerical examples in Figure 6 are for illustrating the CG related concepts only, and they are not necessarily realistic. In reality, growth rates of trees are usually much slower than the numerical examples used in Figure 6, which is probably the reason why the catch-up growth was not observed in short-term observations.

The framework of CG can reasonably explain the different results from short- and long-term observations, and indicate that released growth at the individual tree level is a necessary but not sufficient condition for stand volume catch up, and the sufficient condition is a time period long enough to allow the volume catch up to occur (Li et al., 2018). An advantage of the concept of CG is to allow researchers to focus on the positive CG process for potential applications in forestry practice. The CG concept is thus employed in the current study to explore and quantify how the normal growth trajectories, denoted by the untreated sites, could be altered by the CG process induced by the combinations of PCT and fertilization treatments at the Shawnigan Lake study area.




Possible Generalization of Overcompensation to Other Species and Geographical Regions

Though the concept of overcompensation observed at the Shawnigan Lake trial is important in relation to forest productivity enhancement and carbon accounting, two challenges remain: how to extrapolate growth trajectories beyond the periods of current observations and how to generalize overcompensation to other tree species and geographical regions.


Extrapolation of Growth Trajectories Beyond the Periods of Current Observations

The issue with the previously identified first challenge (how to extrapolate trajectories beyond the periods of current observations) lies in the uncertainties involved with growth trajectories of even longer periods of time (i.e., data from the Shawnigan Lake trial were only available for up to 40 years after the initial treatments) that have been mentioned in Shawnigan Lake PCT and Fertilization Trial Overview. The uncertainty could at the very least include following possibilities (Figure 7):




Figure 7 | Schematic illustration of uncertainties in long-term growth trajectories. The bold line indicates growth trajectory of natural stands. The gross volume will be reduced at the precommercial thinning (PCT) treatment, then gradually approach that of the natural stand growth curve within a certain period of time at the point of compensatory-induced-equality (CIE), and then face uncertainties with possible growth trajectories indicated by 1 (continued growth acceleration); 2 (higher maximum growth); 3 (no change to maximum growth); and 4 (lower maximum growth).



	forest productivity continues its growth increment over time due to accelerated growth rate (Huuskonen and Hynynen, 2006);


	forest productivity flattens at the same level as observed in natural stands, which is assumed to be the maximum site productivity;


	forest productivity flattens at a level higher than the observed productivity in natural stands, wherein potential maximum site productivity is higher than what has been observed in natural stands; and


	forest productivity declines gradually to a level lower than that observed in natural stands.




To deal with such uncertainties, re-measurements will be required in the years to come when taking an empirical data collection approach. For example, the Shawnigan Lake trial was initiated in 1971 and the last measurement was made in 2012, which consisted of 40 years of records. When future re-measurement becomes possible, the collected data could be used to provide an adequate answer to the uncertainty. For the Green River case, re-measuring some of the study sites is impossible because the trees have been felled, but re-measuring nearby sites with similar treatments could still provide useful information to resolve the uncertainties. The modeling approach is an alternative option, which will be discussed later in Plant Response Manipulation Through Optimal Stimuli/Thinning Determination.



Generalization Using CG for Other Tree Species and Geographical Regions

The other previously identified issue is to what extent the CG and overcompensation observation from a single site (Shawnigan Lake trial) could be generalized for other tree species and geographical regions. Two different approaches are available to explore the issue: empirical data collection and further analysis as well as modeling approach.


Hypothesis Testing Through Increased Empirical Data Collection and Analysis

Empirical data collection and analysis largely relies on analysis of accumulated empirical data from existing sites of long-term PCT trials for other tree species and from different geographical regions. If the hypothesis for the existence of overcompensation can be supported from these data analyses, one can comfortably generalize the overcompensation using other tree species and geographical regions.

This approach appears to be intuitively acceptable, relatively straightforward, reasonable and understandable, and easily convincible. However, this approach is also very resource demanding in terms of both time and economic investment in a skilled workforce. Furthermore, suitable potential sites for long-term (at least 40–50 years) PCT trials need to be identified that are readily available and accessible.

Considering the long history of silviculture research, suitable potential sites could be easily identified as long as establishment measurements (before and after treatments) are available. For example, the following sites in western Canada could serve as potential sites:

	Historical thinning treatments (approximately 50 years ago) established for the coastal Douglas-fir in the Malcolm Knapp Research Forest of UBC in Maple Ridge, B.C.;


	Diverse thinning experiments 40–50 years ago launched in the mixedwood forests near Calling Lake in Northern Alberta;


	Various PCT experiments initiated in Manitoba, Canada, more than 70 years ago.




Even with sufficient financial investments, however, there might still be the possibility of insufficient suitable sites for all major tree species in all geographical regions. When this is the case, other thinning experiments need to be set up for data collection in subsequent years. These experiments will require a sufficiently long period of observations to be appropriate for the hypothesis test. Obviously, this will probably be a task to be accomplished beyond any given researcher’s career limit.

With the previously described empirical data collection, the results still might be treated as anomalous or out of the ordinary due to the lack of explanatory mechanisms. Technically, this approach could still face challenges in implementation:

	Human errors or biases in the measurements spread over a long period by different researchers, with possible varying research protocols that might complicate comparative data analysis;


	Inconsistent methods of data analysis over a long period could also complicate research results. For example, different methods of estimating volumes of individual trees over the 40-year horizon resulted in significant differences in stand volumes published previously using the Shawnigan Lake trial datasets, hence infeasible data unsuitable for direct comparison;


	Experiment duration challenges include long time scale (probably more than 50 years) and uncertainties related to selection of variables to measure. In this regard, a modeling approach could probably benefit researchers through the use of simulations and a sensitivity analysis (see Plant Response Manipulation Through Optimal Stimuli/Thinning Determination).






Plant Response Manipulation Through Optimal Stimuli/Thinning Determination

The modeling approach proposed here takes advantage of the contemporary development from other research fields, especially from applied behavioral ecology, which has been successfully applied in other management science such as pest management in agriculture.

Different methods including chemical, physical, and biological controls have been traditionally practiced in pest management for protecting normal growth of plants. A new method of behavioral manipulation was recently added to the list (Roitberg, 2007). This new method is a result from applied behavioral ecology with the advantage of minimized environmental footprint.

In the study of thinning effect on forest productivity, thinning acts as a stimulus to forests, and how forests respond to such stimuli (i.e., forest behavior) is represented as CG. The goal of thinning operations in forestry practices is to obtain maximized forest productivity, such as the overcompensation observed in the Shawnigan Lake trial. Thus, the focus of research should be determining the optimal stimuli that can result in the maximized level of overcompensation. Such a research goal is similar to behavioral manipulation in pest management wherein optimal stimuli are supplied to reduce damage by pests or increase efficacy of natural enemies of pests. Therefore, we propose the following new state-dependent forest growth model, which is based on principles from behavioral ecology.

Without any disturbances, the stand variables could be projected according to normal growth trajectories, similar to other simulation models of stand dynamics. With a disturbance, however, the growth trajectories will be altered according to the nature of the disturbance. Huuskonen and Hynynen (2006) developed an analytic model with a logarithm form to predict diameter increment as a function of dominant height, initial stand density and the actual stem number of the growing stock, and the regeneration method. We propose that thinning (an anthropogenic disturbance) can be characterized by three components: timing, intensity, and method. In other words, any thinning regime could be expressed as a combination of these three variables, with a given forest responding to the specific variables. Here, the key issue is how a forest might respond to disturbance, and we propose that the response would be based on the state of tree (e.g., age, size, and energy reserve) and the level of stimuli (thinning). According to the first principle of evolutionary biology, the best response should have evolved over past millennia, with maximized fitness that is favored by natural selection. If this is reasonable, one should be able to calculate the best response accordingly (Smith, 1978; Parker and Smith, 1990).

Behavioral ecologists have developed an algorithm for such a calculation. For example, to investigate masting “behavior” of trees, Lalonde and Roitberg (1992) developed a method of calculating a decision matrix representing the best behavioral response to the environment under various conditions. Their conceptual framework is described below:

Most plants acquire resources as a result of photosynthesis. The rate of resource acquisition is a function of the quantity of resources previously allocated to the vegetative growth including the creation and maintenance of photosynthetic structures (e.g., leaves), support structures (lignified tissues), and uptake structures (roots). In order to accrue fitness, a plant must, at some point, divert some of its resources away from vegetative growth and toward reproduction (seeds and seed support structures). The cost of reproduction in terms of depressed capacity or vegetative investment during fruiting years is well demonstrated for masting plants, and a plant must, therefore, balance its allocation to vegetative versus reproductive investment over its life time in order to maximize its reproductive success. This is essentially the stuff of life history theory that takes explicit recognition of state-dependent costs and benefits into account (see State-Dependent Forest Growth Models on state dependence). Lalonde and Roitberg thus developed a stochastic dynamic optimization model to determine how the dynamics of resource acquisition can lead to fluctuations in seed production in a long-lived perennial. The stochastics are based upon environmental inputs (e.g., light, water, nutrients) and dynamics refer to changes in values of state variables (e.g., roots and shoots) associated with plant response. The optimization equation takes the form of

 

where V is vegetative growth; S is the number of seeds that it has already produced; t is current age in relation to its maximum life span T; Pg the probability of experiencing a good growth year; C is the maintenance factor; D is a start-up cost; Q and S are resources allocated to vegetative and reproductive growth, respectively; R is current investment in seed production; and the subscript’s of g, f, and b indicate good, fair, and bad growth year, respectively. This equation was solved at (t=T) for all states of vegetative and reproductive investment and then iterated backward in time (i.e., backward induction) for a 100-year life span. The results were used to construct a decision matrix that holds the calculated optimal investment level to vegetative growth and to reproduction for all possible states and times (i.e., the matrix provides an analytical solution to the problem of living in a stochastic world with known probabilities of events and related outcomes).

After the decision array was constructed, Lalonde and Roitberg (1992) were able to investigate the effect of an optimized life-history strategy on the emergent properties of the seed production population, using a stochastic simulation model. Without any further details, this outlined simulation procedure provides a new approach of developing a state-dependent forest growth model where anthropogenic disturbance (e.g. PCT) is explicitly included to predict growth response of surviving trees in a stand.

The advantage of this new modeling approach is its capability of analytically answering some key questions about the generalization of CG to other tree species and geographical regions. With parameters specific to a tree species of concern, this new model is expected to produce growth trajectories under given management scenarios such as different thinning regimes.





Overcompensation and Wood Supply Shortage

Through vast forest areas across Canada, unfavorable climate and extreme weather conditions have caused most trees to grow slower than in many other parts of the world. Despite expectations of better-quality wood fiber resulting from slow-growing trees in general, mean annual increment (MAI) also may be lower, which would inevitably lead to insufficient wood supply for the increasing demands from markets. Consequently, balance between demands of utilization and concerns of sustainability and environment protection have become important in fulfilling goals of sustainable forest management.

Overcompensation provides enhanced forest productivity, which would have a profound effect on current and future wood supply. As a result, searching for conditions for promoting overcompensation could form a new mitigation strategy for dealing with the issues related to wood supply shortage. In other words, overcompensation adds a new pillar to the existing strategies of forest productivity:

	Borrowing some future wood supply to satisfy market opportunities: adjust harvest activities to allow fluctuation according to market demand. This appeared a good strategy from a market economic perspective; however, it could create unfavorable conditions for mill operations;


	Relaxing current harvest constraints: harvest activities would have increased flexibility and thus lead to temporal fluctuations of wood supply;


	Improving efficiency of wood utilization: this can be achieved mainly by two means: (a) produce more log volume from the same forests, such as making changes in wood utilization standards (e.g., Li et al., 2016a), produce more products without increasing the total volume of harvested wood such as optimization of sawing technology (Li et al., 2016b).


	Developing new managed forest areas: expansion of existing managed forest area through building infrastructures for accessibility and markets, this needs to be taken into account at higher levels of planning and during decision-making processes.




This new mitigation strategy differs from the above four existing strategies because of the context of enhancing forest productivity, instead of only being based on current forest productivity. This strategy aims at increasing forest productivity through overcompensation and earlier than normal achievement of stand maturity, and hence elevating regional annual allowable cut that is essentially based on the long-term average forest productivity. Such a proactive mitigation strategy could provide an environment that satisfies industrial demands without compromising the goals of sustainable forest management.



Concluding Remarks and Recommendations

CG is common in organisms from both plant and animal kingdoms despite different terminologies used to describe them in the literature. CG encompasses a continuum from undercompensation to full compensation, and to overcompensation. Overcompensation is of particular interests in the field of forestry because it results in enhanced forest productivity. Studying the overcompensation mechanisms is important because it could reveal whether the Shawnigan Lake case and Green River thinning trials could be generalized to other tree species and geographical regions, and thus benefit the forest sector. Searching for and creating conditions for promoting overcompensation could form a new mitigation strategy for dealing with issues related to wood supply shortage. Results from such studies could provide cost-effective decision support tools to forestry practitioners.

To accomplish this new mitigation strategy, we recommend to conduct several tasks: (1) further clarification of CG concept to avoid misunderstanding and misapplication in forestry practice; (2) identification of alternative indicators of CG that are compatible with forestry practice; (3) collection of empirical datasets from legacy silviculture sites; and (4) development of flexible and user-friendly tools for predicting CG for given stand types and site conditions. These tools should be state-dependent, and combined using optimization and simulation technology, an approach developed in behavioral ecology, can determine the conditions under which overcompensation could occur and then refine the model by incorporating species-specific parameters for predicting whether and how overcompensation could be expected for a region under management.
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Compensatory growth (CG) appears common in biology and is defined as accelerated growth after experiencing a period of unfavorable conditions. It usually leads to an increase in biomass that may eventually equal or even surpass that of sites not experiencing disturbance. In forestry, with sufficient time the stand volume lost in a disturbance such as a thinning operation could match or even exceed those from undisturbed sites, respectively called exact and overcompensation. The forest sector could benefit from enhanced productivity and associated ecosystem services such as carbon storage through overcompensation. Therefore, detection of CG in different types of forests becomes important for taking advantage of it in forest management. However, compensatory growth has not been reported widely in forestry, partially due to the paucity of long-term observations and lack of proper indicators. Legacy forest projects can provide a suitable data source, though they may be originally designed for other purposes. Three case studies representing different data structures of silviculture trials are investigated to evaluate if compensatory growth is common in forest stands. Our results showed that compensatory growth occurred in all three cases, and thus suggested that the compensatory growth might indeed be common in forest stands. We found that the relative growth (RG) can serve as a universal indicator to examine stand-level compensatory growth in historical long-term silviculture datasets. When individual tree-based measurements are available, both volume and value-based indicators can be used in detecting compensatory growth, and lumber value-based indicators could be more sensitive in detecting overcompensation.

Keywords: density management, overcompensation, plantation spacing, thinning operation, wood fiber value simulation model


INTRODUCTION

Forest productivity representing long-term potential in forest dynamics is one of the major concerns and indicators in achieving sustainable forest management (Crow et al., 2006). It is also positively correlated with many ecosystem services such as carbon sequestration and storage (Kurz et al., 1992, 2009; Pöyry, 2018). Enhancement of forest productivity will thus not only produce more wood for necessities of human society, but also present a natural remedy against climate change through altering regional carbon budgets. Exploring the conditions under which enhanced forest productivity could occur is important in this regard.

Considerable efforts have been devoted to enhancing forest productivity through silviculture (Natural Resources Canada, 1995; D’Amato et al., 2017), among which is stand density management that aims at determining the optimal stand density leading to maximizing management goals (Drew and Flewelling, 1979; Newton, 1997). Numerous experiments have been conducted to determine the effectiveness of density management for identifying best practices. Diverse results have also been reported in the literature: some are consistent, but others appear inconsistent. For example, there is a consensus that precommercial thinning (PCT) can result in faster growth of diameter and height in trees than that from untreated sites (e.g., Smith, 1986; Weetman and Mitchell, 2013). Bose et al. (2018) showed that in four major softwood species in North America [i.e., loblolly pine (Pinus taeda L.), coastal Douglas-fir (Pseudotsuga menziesii Mirbel), red spruce (Picea rubens Sarg.), and balsam fir (Abies balsamea L.)], tree volume growth was 31% higher in thinned stands relative to unthinned stands on average, irrespective of species and tree size. However, in long-term observations at the stand level, consequences of PCT are inconsistent: some appeared to have lower stand productivity compared to controls (e.g., Harrington and Reukema, 1983), but the reverse has also being reported (e.g., Warrack, 1979; Pitt and Lanteigne, 2008; Schütz et al., 2015). These inconsistent results unavoidably create difficulties in management decisions. Here, the great puzzle is how such inconsistent and diverse results occur.

The framework of compensatory growth (CG) might help explaining these inconsistent results. For example, Li et al. (2018) evaluated the different growth responses, including overcompensation, from the Shawnigan Lake PCT and fertilization trial in British Columbia (Canada), in which stand gross volumes from most treated sites exceeded those from controls 40 years after initial treatments. A descriptive model was then developed to predict the number of years required to reach an exact compensation, or the compensatory-induced-equity (CIE), under different combinations of PCT and fertilization. This unique dataset offers the opportunity to generalize the results to other species, site conditions, and geographical regions (Li et al., 2020).

Compensatory growth was defined as “the ability of an organism to grow at an accelerated rate following a period of food shortage or a decline in reproductive weight” (Mangel and Munch, 2005), and is widely observed in plants and animals as reviewed by Li et al. (2021). Despite the concept of CG being relatively new in tree biology and forestry, it has been commonly reported for other organisms; the earliest observations can be traced back about a century ago in rats and cotton crops (Osborne and Mendel, 1915, 1916; Eaton, 1931). It has also been observed in grasslands (McNaughton, 1985), fishes (Ali et al., 2003), fast-growing willow (Guillet and Bergström, 2006), balsam fir (Pitt and Lanteigne, 2008), aspen (Populus tremuloides Michx.) seedlings (Erbilgin et al., 2014), and Douglas-fir (Schütz et al., 2015; Li et al., 2018). In forestry, CG of trees is a special case of growth response that characterizes the process of released growth of crop trees after thinning operations, or other partial disturbances that maintain a forest cover. It reflects the accelerated growth induced by the redistribution of space, light, nutrients, and water to the trees surviving from the disturbance (e.g., thinning). Nevertheless, the CG process has not been shown to display a single fixed pattern; it appears to depend on species, social environment, seasonal development, temperature, environmental resource availability, and physiological factors such as internal state and age (Mangel and Munch, 2005).

Three main types of CG have been demonstrated along a continuum: (1) under compensation, in which stand volumes of treated sites are lower than those from control sites; (2) exact compensation, or CIE, in which stand volumes of treated sites are the same as those from control sites; and (3) overcompensation, in which stand volumes of treated sites are higher than those from control sites (Belsky, 1986; Maschinski and Whitham, 1989; Whitham et al., 1991; Li et al., 2020, 2021). In the short term, CG is expressed as an accelerated annual increment of diameter and height after thinning operations. When this trend persists for a longer term, overcompensation, the most desirable outcome from silviculture research, becomes possible, as observed for the costal Douglas-fir in the Shawnigan Lake trial (Li et al., 2018). Thus, when accelerated growth occurs over a certain period, under compensation may proceed to exact compensation, and later to overcompensation.

Compensatory growth can be seen as a component of the total Density-Dependent (D-D) response to disturbances such as fire, insect attack, death of senescent trees, and PCT. The D-D response indicates that population size may oscillate back and forth across the mean population size at carrying capacity for some time (Varley et al., 1973) when the response is over-compensatory. For trees, the status of volume can change from under-compensation to CIE, and later to over-compensation, so that the age and status of the tree’s growth cycle need to be specified. From an evolutionary biology perspective, CG can also be related to the concept of life-history theory (LHT), which “attempts to understand how natural selection designs organisms to achieve reproductive success, given knowledge of how selective factors in the environment (i.e., extrinsic mortality) and factors intrinsic to the organism (i.e., trade-offs, constraints) affect survival and reproduction” (Fabian and Flatt, 2012). LHT starts with the basic principle of evolutionary biology that natural selection favors the strategies of organisms that maximize reproductive success. One can then use LHT to find the optimal resource or energy allocation strategy among growth, reproduction, and maintenance of individual trees. Nevertheless, the concept of CG appears straightforward and easy to understand without requiring specific knowledge of a given speciality.

Li et al. (2021) summarized possible gains that different industries can benefit from with CG research: (1) increased productivity directly from overcompensation; and (2) indirectly from reduced costs associated with production and related operations. To determine the best strategy for taking advantage of CG research, forest managers and researcher need to understand the CG patterns and status of managed forests. For example, if overcompensation can be expected, the direct benefit should be targeted first, due to enhanced productivity that will benefit both increased wood supply and improved ecosystem services, without excluding the benefits from the indirect aspects. From an interdisciplinary point of view, there is a possibility of higher productivity potential from observed productivity of natural stands, if manipulated properly (Li et al., 2021). Therefore, detecting CG patterns and status in forests, especially determining whether overcompensation is reachable, is important for the forest sector in designing future research focus.

Despite the fact that CG has been reported as a common phenomenon in both plants and animals, and that different industries have benefitted greatly from CG research, direct evidence of CG in tree biology and forestry has not been as widely reported as in other fields, and the beneficial applications of CG research results are still limited. It may be unrealistic or infeasible to rely on efforts of designing and implementing new experiments for answering related questions, due to the long lifespan of trees, especially in sub-boreal and boreal ecosystems (several decades). However, revisiting datasets from historical long-term legacy projects might provide useful clues, though these experiments were not originally designed for this purpose. Owning to the different purposes of these trials, different data structures could provide different measured variables at different measurement intervals. Therefore, finding the common variables, either measured or derived, as indicators of CG is a major task in detecting CG in different tree species and different regions.

We hypothesized that CG is common at tree and stand levels. If this hypothesis were true, one could expect that plenty of empirical evidence should exist in historical forestry datasets. To examine this hypothesis, proper methodology needs to be developed to detect CG from historical datasets. The research questions raised here include “what indicators could be used for identifying CG?”, and “which one can serve as a universal indicator of CG?” In this study, we use three published datasets as case studies to identify and demonstrate potential indicators of CG, in addition to stand gross volume, and to identify a universal indicator that could be used for detecting CG from a wide range of historical forestry datasets.

Historical silviculture datasets usually include stand variables, which are calculated from tree data, the standard format for silviculture research. We will show that relative growth (RG) can serve as a universal CG indicator for both tree and stand level variables. When tree level variables are available, many can serve as indicators of CG, although value-based indicators might be more sensitive to overcompensation than volume-based indicators.



MATERIALS AND METHODS


Study Areas and Data Sources

Figure 1 illustrates the locations of our three case studies. Key information about the case studies is summarized in Table 1.
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FIGURE 1. Locations of the three case studies in Canada, with a photograph of a thinned plot from each site. Photos of Shawnigan and Petawawa are from N. Thiffault. The photo of MacKay is from B. Joss and J. Salvail, as used in Stewart and Salvail (2017).




TABLE 1. Summary of the three case studies in Canada.
[image: Table1]


The MacKay Thinning Experiment

Lodgepole pine (Pinus contorta Douglas) is a major economic species on the eastern slopes of the Canadian Rocky Mountains; it is commonly grown over rotations of 70–150 years (Stewart et al., 2006). Since 1938, the Canadian Forest Service (CFS) has established dozens of silvicultural field studies involving this species, ranging from simple trials of a single thinning prescription, to complex levels of growing stock installations replicated on sites of differing productivity or aspect, to factorial experiments of thinning and fertilization. Although most of these studies have been discontinued, a number of them remain undisturbed and adequately documented to justify their continuation as active research sites for intensive management of the foothills lodgepole pine resource (see Figure 1 and Table 1 for location and summary info).

Stewart and Salvail (2017) evaluated the effects of different PCT treatments on the growth of lodgepole pine using four study sites, including the MacKay thinning experiment established almost 70 years ago. The MacKay thinning experiment dataset contains the complete records of untreated plots corresponding to different treatments that allows calculation of relative volume growth at each measurement.

The original objective of the experiment was to determine whether PCT of lodgepole pine could improve merchantable volume and quality at a young age and, in turn, shorten rotation and increase annual allowable cuts. Only stand density, mean diameter at breast height (DBH; 1.3 m), tree height (TH), and stand volume data were used in the current analysis.



The Petawawa Research Forest Experiment

Red pine (Pinus resinosa Aiton) is a widely planted species across North America exhibiting a faster growth rate compared with most native tree species in northern United States and southeastern Canada (Thiffault et al., 2021). Forest managers generally recognize that high planting densities can result in greater volume production at stand level, but that maximized individual tree size can be achieved at lower densities. Optimum planting densities and thinning intensities can be derived from density management diagrams, which are based on assumptions derived from the observations of unmanaged stands. However, empirical data from real stand density management treatments are expected to provide objective observations from managed stands (see Figure 1 and Table 1 for location and summary info).

Commercial thinning (CT) has recently attracted attention as one possible way of dealing with wood supply shortage, because it provides a means to utilize wood supply from immature stands and take advantage of low stumpage price. Compared with PCT, CT is an operation with notable immediate economic gain from harvested wood. CT can be applied multiple times for a stand to reach enhanced total stand productivity, which is calculated as the sum of final standing volume and cumulative volume harvested from multiple CT operations. Multiple CTs usually result in chainsaw shape for standing volume over time (Nyland, 1996). The chainsaw shape of stand productivity shows CG processes with multiple reductions caused by each of the CT operations. The key question is whether cumulative compensation overtakes or even exceeds the growth observed in control sites. Theoretically, thinning keeps the remaining trees vigorous and less prone to breakage, therefore when performed appropriately, the cumulative stand productivity from the CT stands could exceed that from control.

A recently published red pine dataset regarding a 30-year multiple CT trial under different spacing regimes (supplemental materials of Thiffault et al., 2021) was used for our second case study. The dataset contained mainly stand density, gross volume, and basal area at the stand level. The paired volume data structure allowed calculation of relative volume growth.



Shawnigan Lake Experiment

Coastal Douglas-fir is a long-lived species in northwest coast areas of North America; it can typically live more than 750 years in the absence of high-intensity fires or storms, and some have been known to live well over 1,000 years. Douglas-fir has also a long silviculture history in the region because of its high-value timber at minimum direct cost (Curtis et al., 1998). Plantation and silviculture of coastal Douglas-fir have been common in the Pacific Northwest (PNW) of United States and western Canada (see Figure 1 and Table 1 for location and summary info).

The original objective of the trial was to better understand tree growth processes and develop effective and environmentally acceptable thinning and fertilization practices for increasing wood yields (Crown and Brett, 1975). Only the measurements at 40-year after initial treatments were used in our current study.




Evaluation Methods


Relative Growth

Relative growth was used as an indicator of the status of CG defined as the ratio of estimated variables from treated site, Vtreated, to untreated site, Vuntreated (Li et al., 2018). The ratio is presented as a percentage:
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A CIE is indicated when RG is 100%, i.e., the variable measured from the treated site equals to the one from the untreated site. Overcompensation is denoted when RG is greater than 100%, and undercompensation occurs when RG is less than 100%. Therefore, the status of CG can be seen as a point within a continuum as defined in Maschinski and Whitham (1989) and Whitham et al. (1991). In the current study, RG was used to measure the status of CG in volume- and value-based measurements.

Other alternative indicators could also be developed, such as the changes in mean periodic annual increment (mPAI), as suggested in Li et al. (2020). However, here we focus on the relative growth because of its simplicity and ease of calculation.



WFVSM Model

The Wood Fiber Value Simulation Model (WFVSM) was used to calculate both volumes and values of a forest inventory consisting of tree-based records (Li et al., 2017). A brief description of data flow and analytical procedure of WFVSM is as follows: the records are first categorized by species groups of softwood and hardwood, and followed by volume and value calculations for trees harvested for segregation to different types of treatment centers for different products, which include sawmill, pulp mill, veneer mill, plywood mill, biomass, bioenergy (heating values and electricity), carbon content, and some wood fiber attributes. These calculations were based on published relationships (e.g., Briggs, 1994), except for sawmill output, which was simulated using an industrial sawmill operation software, Optitek (Li et al., 2013; FPInnovations, 2014).

Optitek was originally designed for simulating every step of operations in a real sawmill when profiles of individual logs are scanned into the computer system as images. It also has an input option for an artificial log consisting of variables including log length and sweep, and diameters at both large and small ends. Taper equation of Kozak (1988) was used to calculate the diameters at both large and small ends for each log. The eight parameters of the Kozak equation for coastal Douglas-fir were obtained from the Forest Inventory Zones A, B, and C of British Columbia (BC Ministry of Forests, Lands and Natural Resource Operations, 2014).

A look-up-table was constructed for coastal Douglas-fir through multiple simulations using Optitek. Each row of the table represents a summarized sawmill output for a possible combination of DBH (at the interval of 1 cm) and TH (at the interval of 1 m). All the values including volumes and monetary values of lumber, chip, sawdust, and shavings, as well as planing and fixed costs are among the tallied simulation results.

The estimation of the values of each treated and untreated plot can then be guided by basic principle of forestry economics (Pearse, 1990):
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where VNet is the net value, VRevenue is the revenue, and VCost is the associated cost. Both VRevenue and VCost can be generated from different utilization of harvested wood, such as sawmill, pulp mills, veneer mills, plywood mills, and bio-refineries, as well as when harvested wood is used as a source of biomass, and carbon capture. In the sawmill operation, for instance, VRevenue can be expressed as
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where VLumber, VChip, VSawdust, VShavings, and VBank are values of lumber, chips, sawdust, shavings, and bark, respectively. VCost can be estimated as
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where VDrying, VPlaning, and VFixed are the costs of drying, planing, and fixed cost. Substituting Eqs. 3 and 4 into Eq. 2, we then have
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Statistical Analysis

The scattered RG data for different variables were smoothed as a surface to represent the trend of RG under different thinning (including PCT or CT) and fertilization treatments when applicable, using TableCurve 3D (SYSTAT Software Inc., 2002).

A two-way ANOVA (McDonald, 2014) was used to investigate whether the average stand commodity values could be significantly influenced by different levels of thinning and fertilization, as well as their interactions for the Shawnigan Lake dataset. ANOVAs were conducted using the car package in R v. 4.0.4 (Fox and Weisberg, 2019). We used p < 0.01 as a significance threshold.




RESULTS AND DISCUSSION


Case Study 1 (Lodgepole Pine): Volume-Based Indicators Using Stand Level Data

Many documented long-term silviculture trials have been designed for studying density management, because density is perhaps the easiest variable to control in a forest stand. A common indicator used in reporting results from such trials is the gross volume at the stand level, which allows comparing the observations from treated vs. untreated sites. They represent an excellent data source for examining whether CG is expressed in forests. The relative volume growth represented in Equation 1 can be used to detect whether or not stands displayed CG, as demonstrated here.

The initial stand density in the study area varied between 9,763 and 11,888 stems/ha. These initial densities were much higher than for some other tree species, such as coastal Douglas-fir from the Shawnigan Lake trial (3,950 stems/ha, see the case study #3 below). In Blocks A, B, and C, six plots were established (thinned to a density of 4,330 stems/ha in plot 1; 2,990 stems/ha in plot 2, 4, and 5; and 1,680 stems/ha in plot 3). Block D had one plot thinned to a density of 750 stems/ha. As a result, the numbers of trees removed at the beginning for spacing design were very high (55–93%). In the control plots (plot 6 in Block A, B, and C), self-thinning was important (76–79% over 60 years). This suggested that thinning removed large numbers of trees that might otherwise have been lost in self-thinning, such as reported by Thiffault et al. (2021). Since plot 5 was thinned twice, the measurement was not included in the current study for the purpose of comparison.

Table 2 shows some statistics from the MacKay trial dataset. Among the 13 plots (except three control plots), eight of them reached relative volume growth of over 100% (exact or overcompensation), and five were below 100% (under compensation). Unless the stand density was too low to use the available resources efficiently, there is no reason to expect these plots will not catch-up with the control given sufficient time, since they already reached 85–97% of gross volumes of the control plots.



TABLE 2. Stand density, mortality, and maximal relative volume growth of the MacKay thinning trial in Alberta, Canada, in which naturally regenerated lodgepole pine (Pinus contorta Douglas) stands were submitted to a gradient of pre-commercial thinning intensity.
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A 3D surface plot using a smoothing function for relative volume growth under different stand densities and ages shows the trend of CG that occurred over the study area. From Table 2, we observe that almost all plots from Block C reached exact or overcompensation, and that all plots from Block B were below 100% compensation. Plots from Block A were a mix of under, exact and overcompensation. Therefore, as an example of such a 3D surface plot, Figure 2 shows the data from the Block A of the MacKey thinning trial.
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FIGURE 2. Compensatory growth (CG) of lodgepole pine (Pinus contorta Douglas) in Block A of the MacKay thinning trial in Alberta, Canada, expressed as relative volume growth under different stand densities over a 60-year experimental period. Maximum relative volume growth was calculated as the ratio of the volume obtained in the treated vs. control stands (see Eq. 1).


Figure 2 shows a clear CG pattern, in which relative volume growth was low immediately after the PCT treatments (age 20 years), but gradually approached control over time. Around 60 years after the PCT, plots with a stand density of 4,330 and 2,990 stems/ha reached CIE, but for plots with stand density of 1,680 stems/ha, the RG was still below 100% (undercompensation).

We also observed different CG patterns among individual plots, though they are physically located very close. For example, Figure 3 illustrates data from Block C, in which two plots with a same stand density (2,990 stems/ha) reached CIE from different paths; one plot reached CIE 25 years earlier than the other one. This stressed the need to pay attention to the different growth rates, or the different responses to partial mortality, among individual trees.
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FIGURE 3. Compensatory growth patterns for different sample plots within Block C of the MacKay thinning trial in Alberta, Canada, expressed as relative volume growth under different stand densities. Maximum relative volume growth was calculated as the ratio of the volume obtained in the treated vs. control stands (see Eq. 1). Data shows that plots with a same stand density can reach compensatory-induced-equity (CIE) by different paths.




Case Study 2 (Red Pine): Relative Volume Indicator Using Metadata

There is much empirical evidence to support the theoretical expectation that thinning maintains remaining trees that are vigorous and less prone to breakage at the individual tree level (e.g., Reukema and Bruce, 1977; Greene and Emmingham, 1986; Kim et al., 2016; Gauthier and Tremblay, 2019; Gupta et al., 2020; Bjelanovic et al., 2021). However, empirical evidence supporting the expectation of overcompensation are scares. There are few long-term datasets from CT trials to support it.

Plotting raw data of gross volume over time from the red pine experiment displays the shapes of stand growth trajectories of both thinned and unthinned plots under different spacing regimes. One might expect that all thinned plots will show a “Chainsaw” shape (see Figure 4). When displayed in cumulative stand productivity, which is the standing volume plus harvested volumes previously, this allows a comparison with stand volumes from unthinned plots. This comparison could be better represented with relative volume growth.
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FIGURE 4. Stand gross volumes (A: in which solid lines indicate control plots, and dashed lines indicate thinned plots) and relative productivity (volume growth) (B: in which the line of 100% indicates the control plots, >100% indicates overcompensation, and <100% indicates under compensation) of planted red pine (Pinus resinosa Aiton) under different spacing regimes created by initial planting density and thinning in Chalk River, Ontario, Canada.


As reported by Thiffault et al. (2021), the stand volumes between treated and untreated plots at the beginning of the CT trial were different; thus, we scaled stand volumes to the same level at the beginning of each spacing treatment for an easy comparison. Two points can be observed from Figure 4:

1. As expected, the normal (solid lines) and “Chainsaw” (dashed lines) shapes of standing volumes from unthinned and thinned plots, respectively, are evident in Figure 4A. The Chainsaw shape illustrates that standing volume declined right after each thinning operation, and then gradually increased until the next thinning operation for a similar cyclic fluctuation. However, it is still difficult to judge if the increase of standing volume reached a level of overcompensation.

2. The relative productivity (cumulative volume growth) under different spacing regimes (Figure 4B) clearly indicate overcompensation when spacing was narrower than 1.8 m, and under compensation when spacing was wider than 2.1 m. This appears consistent with what was reported by Thiffault et al. (2021), who showed that cumulative harvested and standing volume in narrow spacing treatments exceeded that from corresponding control plots. Thiffault et al. (2021) explained this as being too low stand density that resulted in insufficient utilization of available resources. Nevertheless, relative productivity further displays different CG patterns under different spacing regimes.

The second point above may also provide a possible explanation for the so-called “initial shock,” a negative impact of a thinning operation, of the coastal Douglas-fir after a thinning operation reported in Harrington and Reukema (1983), in which stand volumes in thinned stands were observed as reduced compared with unthinned stands, 25 years later. The initial shock could be caused by sudden exposure to high wind and light, leading to moisture stress and, greater allocation of growth to roots. There is also likely mechanical damage to roots of residual trees during harvest; however, it could also probably caused by too wide spacings (3.4–8.1 m, corresponding to 875–125 stems/ha) for poor site conditions (height at 100 years = 24 m).

In addition in displaying diverse CG patterns in the red pine plantations, this case study also provides an empirical evidence of how proper CT regimes can enhance stand productivity. It appears that an increase in stand density could result in more enhanced stand productivity; however, a question remains on whether maximal stand productivity could be reached when stand density increases to a maximum. This CT trial could not provide a full answer to this question, as the maximal stand density was only covered until 6,944 stems/ha.



Case Study 3 (Douglas-fir): Volume and Value-Based Indicators Using Tree Data

The Shawnigan Lake trial has tree-based records for all treated and control plots, with multiple measurements over 40-years. The dataset has spawned a large number of publications over the past 4 decades from a variety of perspectives and specific analyses. Earlier results have shown that increased growth has been happening in some treatments. For example, Brix (1993) showed that 15 years after the initial treatment, stand volume in some treatments exceeded those from control plots. Using the volume estimates from these reports, Li et al. (2018) used relative volume growth to demonstrate that the volumes in more than half of the treated plots had reached exact compensation by 24 years after the initial treatments (measured in 1994). Around 40 years after initial treatments, most of treatment plots have reached overcompensation, except plots without fertilization. This illustrated how the CG process happened over the 40-year’s horizon, from under compensation to CIE and to overcompensation, and how diverse CG patterns resulted from the different treatments.

Furthermore, a two-way ANOVA analysis on the 40 year data indicated that fertilization contributed significantly to stand volume differences (p = 0.015), whereas thinning (p = 0.616) and the fertilization × thinning did not (p = 0.587; Li et al., 2018). This result suggested that fertilization was the major factor behind the diverse CG patterns.

In the current study, we aimed at making full use of tree level records from the 2012 measurements to evaluate different value-based estimates as additional indicators of CG, and compare them with gross volume results for examining their relative sensitivity in detecting overcompensation.


Commodity Value-Based CG Indicator

Commodity values are the most direct and explicit way of representing wood value potential for a given forest inventory. For a volume-based commodity such as pulp, one could expect that the value recovery is proportional to volume recovery. However, for a dimensional commodity such as lumber, the situation could differ.

Lumber value recovery from all treated sites exceeded that from the untreated site (T0F0; no thinning and no fertilization), ranging from $4,999 to $34,618/ha on average 40 years after treatments (Figure 5).
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FIGURE 5. Simulated lumber value recovery for Douglas-fir (Pseudotsuga menziesii Mirbel) trees as a function of different combinations of pre-commercial thinning (PCT) and fertilization, 40 years after initial treatments at the Shawnigan Lake trial in British Columbia, Canada. T0, T1, and T2 correspond to 0, 1/3, and 2/3 basal area removal, respectively. F0, F1, and F2 correspond to 0, 224, and 448 kg N/ha fertilization with urea, respectively.


The two-way ANOVA (Table 3) showed that fertilization increased stand lumber value recovery significantly. Pre-commercial thinning and the fertilization × thinning interactions did not influenced stand lumber value. A commodity value-based assessment displayed the same trend to that from a volume-based assessment (Li et al., 2018). In other words, fertilization could have contributed more in lumber value recovery increase than that of PCT, which is also consistent with the results from another fertilization study conducted in the same region (Cosmin Filipescu, Pers. Comm. Canadian Forest Services, Jan., 2020). Since fertilization has been treated as a surrogate of site quality, the ANOVA results also suggested that acceleration of the CG process could be expected with improved site quality.



TABLE 3. Two-way ANOVA results for lumber value recovery of Douglas-fir (Pseudotsuga menziesii Mirbel) trees under different treatments, 40 years after application at the Shawnigan Lake trial in British Columbia, Canada.
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A commodity value-based CG indicator in monetary term is easy to understand and effective in decision support; however, this indicator could be influenced by market fluctuations in commodity price. For example, lumber value per thousand board feet (Mfb) can change quickly and with great amplitude. The lumber value used in the current Optitek simulation was set as $400/Mfb, although in the real market it can be as high as $1,600/Mfd when market demand is high, and as low as $250/Mfd when market conditions are unfavorable. As a result, one could expect that relative value could improve representation.



Relative Value-Based CG Indicator

Figure 5 shows that PCT increased lumber value recovery, and that fertilization amplified the impact significantly (Table 3). Different from gross volume-based assessment in Li et al. (2018), lumber value recovery from unfertilized sites also exceeded those from control sites ($5,000/ha for T1F0 and $4,999/ha for T2F0). This surprising result could be explained by the changing percentage of small and large dimension lumber (Figure 6), in which increased percentage of large dimension lumber (usually worth more than small dimension lumber) under increased PCT intensity resulted in the total value recovery increase unproportioned to volume. This non-intuitive result could also be further explained by the changes in average tree size under PCT and fertilization (Figure 7); trees with larger sizes favor the production of large dimension lumbers.
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FIGURE 6. Effect of different treatments combinations on the percentage of small (left, represented by 1 inches × 3 inches lumber) and large (right, represented by 2 inches × 8 inches lumber) dimension lumbers of Douglas-fir (Pseudotsuga menziesii Mirbel) trees, 40 years after application at the Shawnigan Lake trial in British Columbia, Canada.
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FIGURE 7. Effect of different treatments combinations on average increase of diameter at breast height (DBH; 1.3 m; left) and total height (right) for Douglas-fir (Pseudotsuga menziesii Mirbel) trees, 40 years after application at the Shawnigan Lake trial in British Columbia, Canada.


Given the above, we estimated the trend of how lumber value recovery would change across different treatments by using the WFVSM model. The results (Figure 8) indicated that the lumber value recovery will likely increase with increasing PCT intensity and fertilization. Although relative total sawmill value recovery may not be as high as the lumber value recovery, the trend should be similar, as total production costs will also increase with the increasing PCT intensity and fertilization. As a result, the net value recovery from the sawmill operation will have a very similar pattern compared with the lumber value recovery.

[image: Figure 8]

FIGURE 8. Increase of lumber value recovery (upper left), total value recovery (upper right), total operational cost (lower left), and net value recovery (lower right) for Douglas-fir (Pseudotsuga menziesii Mirbel) trees, 40 years after different treatment combinations relative to the untreated sites at the Shawnigan Lake trial in British Columbia, Canada.


The indicator of relative value recovery enables comparison with relative volume growth for identifying whether lumber value recovery based assessment would be more sensitive in detecting overcompensation than that of volume-based assessment.



Comparison Between Relative Volume and Value-Based Indicators

When we compared volume-based assessment as summarized in Li et al. (2018), all value-based relative growth indicators exceeded 100% (i.e., overcompensation) and are higher than those from volume-based assessment (Figure 9). This suggests that value-based indicator might be more sensitive than volume-based assessment in detecting overcompensation.
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FIGURE 9. Commodity value-based vs. volume-based growth estimates for Douglas-fir (Pseudotsuga menziesii Mirbel) trees relative to untreated sites (as 100%) for different treatment combinations, 40 years after application at the Shawnigan Lake trial in British Columbia, Canada.T0, T1, and T2 correspond to 0, 1/3, and 2/3 basal area removal, respectively. F0, F1, and F2 correspond to 0, 224, and 448 kg N/ha fertilization with urea, respectively.


Overall, this case study shows that PCT triggered CG processes and eventually overcompensation, and that relative growth indicators allowed displaying diverse CG pattern depending largely on the level of fertilization or site quality. The intensity of PCT was employed as an independent variable for predicting the time required to reach CIE.




Lessons From Three Canadian Case Studies

Detection of CG patterns and status is a pre-condition for designing and taking full advantage of CG phenomenon in silviculture and forest management. For example, the capacity for predicting long-term stand growth trajectories under various partial mortality scenarios could provide decision support for designing the best silviculture prescription. Forecasting levels of enhanced long-term productivity may provide a solid foundation for increasing regional annual allowable cut, thus supporting consistent wood supply as a key component of sustainable forest management (e.g., Pinno et al., 2021).

Compensatory growth appears to be a common phenomenon across taxa (Li et al., 2021). The case studies we present here suggest that CG also commonly exists in a range of tree species. The possible reasons for its not having been reported widely in the literature can be attributed to:

• Long lifespan of trees: This makes the detection of CG difficult due to the scarcity of appropriate data. This problem is not present for short lifespan species such as annual plants, animals in farm, fishery, and aquaculture, for which experimental approaches to detect CG are relatively easy to implement.

• Lack of proper methods or indicators in CG detection: researchers usually report the absolute values in stand volume; however, the comparison of results can be misleading if volumes are calculated using different methods (Li et al., 2015). RG could avoid this difficulty but is rarely used.

• Research focus and terminology: overcompensation is highly desirable in the forest sector; however, the topic is seldom an explicit research focus, primarily due to the paucity of long-term observations. The red pine dataset presented in our second case study (the red pine experiment) illustrates that CT is probably a worthy treatment to take advantage of the volume that would be loss to natural mortality otherwise (Thiffault et al., 2021). While CG was indeed documented in their study, it was not termed so.

The three case studies described here consist of three data structures (stand level density management, paired CT results, and individual level of tree records), showing that detection of CG patterns might not require high-resolution datasets, though tree records could provide more options of CG indicators. Our results show that revisiting historical datasets from long-term legacy silviculture trials, even those designed for other purposes, and using a universal indicator of RG can enable detecting CG patterns (Figure 2) and different status (Table 2), without having to wait for newly designed experiments to be completed. However, when tree-level data are available, both volume and value-based indicators could be used, and lumber value related indicators are more sensitive to overcompensation (Figure 9).

Insufficient replicates might influence the ability to generalize conclusions. For example, Figure 3 shows different paths to CIE for two plots with a same stand density located close to each other. Though this can be attributed to different individual responses to the same disturbance, it also suggests that enough replications is necessary for avoiding inaccurate general conclusions.

Also, a lack of coverage of a large gradient of site quality might pose challenges, because different site conditions may alter the number of years necessary to reach CIE. For example, the datasets used in the first (MacKay experiment) and third (Shawnigan Lake experiment) case studies reported here originate from poor sites, while the dataset from the second (Petawawa Research Forest experiment) case study originates from a good site, exhibiting a top performance for the species. They are theoretically unsuitable for a direct comparison, thus creating difficulties for developing a generalized equation for predicting the number of years to reach CIE. Nevertheless, it suggests that the probability of forest productivity to be enhanced by PCT or CT could be higher on good sites than on poor sites.

Despite these limitations, historical legacy projects are interesting data sources for detecting CG in forests stands. Furthermore, our analyses also suggest that a modeling approach might be a more favorable way than a strictly experimental approach to improve our understanding of CG and our capacity to predict CG in forest ecosystems.




CONCLUSION AND RECOMMENDATIONS

Our three case studies using historical legacy silviculture datasets suggest that CG might be common in tree biology and forestry. Relative growth could serve as a universal indicator for detecting CG in forest ecosystems; when tree data are available, both volume- and value-based indicators can be used for this purpose, and lumber-value related indicators could be more sensitive to overcompensation than other indicators. However, assessment could be complicated by other factors that influence forest productivity, such as age structure of stands and species composition.

Due to the long lifespan of trees, experimental approaches might not be as efficient in detecting CG as for other plants and animals with shorter lifespan. Therefore, a modeling approach could be employed to accelerate our understanding and prediction of CG in tree biology and forestry for decision support in forestry practice.
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Nutrient management in Eucalyptus plantations is critical for wood production and sustainable development. The biogeochemical mechanisms in Eucalyptus plantations are not fully understood due to changes in the spatiotemporal pattern of precipitation and plantation management. The nutrients released from litterfall are important sources of soil nutrition. We measured the seasonal production of various litterfall types and the proportions of their released nutrients in Eucalyptus urophylla × E. grandis plantations under compound fertilization, dry-season irrigation, and a combined compound fertilization and dry-season irrigation treatment. Our results showed that fertilization increased aboveground biomass and annual litterfall production (except leaf), and that the peak of litterfall production occurred in the rainy season. We found that the decomposition rates of leaf were significantly higher than that of twig, which were mainly controlled by stoichiometric characteristics, followed by soil enzyme activity (β-glucosidase, urease, and polyphenol oxidase). Fertilization decreased the carbon: nitrogen ratio and carbon: phosphorus ratio in litter, and increased soil enzyme activities, which accelerates litter decomposition and nutrient release. Dry-season irrigation increased litter decomposition and only affected the proportion of released potassium by changing the carbon: potassium ratio. Fertilization and dry-season irrigation accelerated the nutrient cycle to enhance compensatory growth. These results help to comprehend the effects of forest management on litterfall dynamics and decomposition processes in Eucalyptus plantations with seasonal drought.
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GRAPHICAL ABSTRACT. Response of litterfall production and decomposition to fertilization and dry-season irrigation.




INTRODUCTION

Litterfall periodically falls to the forest floor and transfers carbon (C) and nutrients into the soil, providing an important biogeochemical process in forest ecosystems (Da Silva et al., 2018; Ni et al., 2021). In tropical forests, over 50% of aboveground net primary productivity is converted to litterfall which transfers nutrient resources to the forest floor, which is beneficial to the sustainable development of forest ecosystems (Camargo et al., 2015; Yin et al., 2019). Additionally, litter in the soil surface can maintain soil fertility by mitigating erosion (Wang et al., 2020) and providing an active environment for soil animals and microorganisms (Cajaiba et al., 2017; Dong et al., 2021). Global climate change has impacted the global hydrological cycle by changing the spatiotemporal pattern of precipitation, water availability, air temperature, air humidity, etc. (Dai, 2013; Dubreuil et al., 2019). Drought can change the nutrient cycle by increasing litterfall production and inhibiting its decomposition rate (Paudel et al., 2015; Yu et al., 2019b). The seasonal drought caused by changes in precipitation pattern (Zhou et al., 2011) in southern China has affected the ecosystem nutrient cycle (Dawoe et al., 2010; Yu et al., 2019b).

Numerous studies show that the shedding process of the aboveground parts of vegetation is affected by vegetation type, species composition, topography, climate, and the physical and chemical properties of soil (Blanco et al., 2008; Tang et al., 2010; Camargo et al., 2015; Kamruzzaman et al., 2019; Gonzalez et al., 2020; Zhu et al., 2021). In the tropical/subtropical forest with seasonal drought, the peak of litterfall production generally occurs in the dry season, which is highly correlated with precipitation (Chave et al., 2010; Paudel et al., 2015). Falling leaves are an important part of litterfall and respond rapidly to environmental changes (Liu et al., 2004). In order to avoid the risk of drought, plants will increase litter production to decrease the loss of water, especially via leaf removal (Liu et al., 2015). In addition, nutrient deficits limit plant growth, resulting in the reduction of litterfall production (Wright et al., 2011). After falling from the plant, litter decomposes in the surface soil and releases nutrients to form organic matter, which is vital to maintaining soil fertility (Cotrufo et al., 2015). Litter decomposition is primarily determined by litter quality, decomposer biodiversity, decomposer activity, and environmental factors. Firstly, different indicators of litter quality determine the decomposability of substrate. The easily decomposed litter is characterized by high nutrient content [nitrogen (N) and/or phosphorus (P)], low stoichiometric characteristics (C:N and/or C:P), and lower recalcitrant polymer content (lignin or holocellulose) (Adair et al., 2008; Mora-Gómez et al., 2020; Hou et al., 2021). Generally, higher contents of soil nutrients were accompanied with high litter quality (Ge et al., 2013). Secondly, environmental factors affect litter decomposition through biodiversity and the activity of soil decomposers. For example the decrease of soil water content caused by drought can reduce the litter decomposition rates by changing the composition of the microbial community and decreasing microbial activity (Petraglia et al., 2019; Liu et al., 2021). Therefore, climate change and forest management (fertilization) not only change the nutrient input from litterfall production, but also affect the released nutrient proportions through litterfall decomposition. Combining litter production and decomposition to assess the nutrient return from litterfall would further realize the variations of soil fertility under the environmental changes.

With its fast growth and high yield, Eucalyptus is widely planted in southern China, covering an area of 4.5 million ha (Xie et al., 2017). Due to the soil in southern China being impoverished (Zhen et al., 2005), compound fertilizers have been applied to meet the fast-growing requirements in the conventionally managed Eucalyptus plantations (Lu et al., 2020). Affected by the fast-growing characteristics and short rotation, the harvesting of Eucalyptus plantations leads to high nutrient export, and results in the decrease of soil fertility (Menegale et al., 2016; Lu et al., 2020). As defined by Li et al. (2021), compensatory growth refers to an organism’s accelerated growth following a disturbance or a period of slow growth caused by unfavorable environmental conditions, such as low temperature or nutrient deprivation. After alleviating nutrient deprivation, compensatory growth caused by fertilization leads to an increase in litterfall production by increasing aboveground biomass (Wright et al., 2011). Moreover, increased litter quality under fertilization positively governs the litter decomposition rates (Hou et al., 2021). Due to Eucalyptus’ high transpiration, fertilizing its plantation will increase transpiration, which reduces soil water content (Hua et al., 2021). The decrease of soil water content has negative effects on aboveground biomass and soil microbial community in Eucalyptus plantations, increasing the litterfall production and reducing the litterfall decomposition (Ribeiro et al., 2002; Nouvellon et al., 2012). Consequently, the reduced growth, increased litterfall production, and decreased decomposition rate are offset or reversed under sufficient water supply. Aboveground biomass is subjected to decreases via drought stress and increases via fertilization. These changes in aboveground biomass can affect the light environment and litter decomposition under the canopy, resulting in further alterations in plantation nutrient cycles (Wright et al., 2011; Liu et al., 2015; Almagro et al., 2017). Nevertheless, the effects of seasonal drought and variations in growth patterns under fertilization on litter deposition are not fully understood. Therefore, exploring the effects of dry season irrigation on nutrient inputs from litterfall in the early growth stage can provide better supporting data for improving nutrient management to ensure healthy growth in the early stage of Eucalyptus plantations under seasonal drought.

In this study, Eucalyptus urophylla × E. grandis, the high-productivity genotypes mainly planted in southern China, was selected to examine the variations of litterfall patterns and decomposition processes under dry-season irrigation and fertilization. The following hypotheses are proposed: (1) the peak of litterfall production occurs in the dry season; (2) fertilization increases the litterfall production, and irrigation decreases the litterfall production; (3) fertilization and irrigation accelerate litter decomposition by increasing litter quality and enzyme activity; (4) fertilization and irrigation promote nutrient release through enhancing soil enzyme activity; and (5) fertilization and irrigation enhance compensatory growth. This research aims to improve forest productivity in Eucalyptus plantations through the enhancement of water and fertilizer management.



MATERIALS AND METHODS


Study Site

The experimental site is located at the Zengcheng Teaching and Research Bases of South China Agricultural University, Guangzhou (23°14′48N, 113°38′20E), which belongs to a subtropical monsoon climate. According to the data of the Zengcheng meteorological observatory from 1981 to 2010, the annual average temperature is 21.91°C and the annual average precipitation is 2004.4 mm. The seasonal drought in the study site is obvious as its rainfall between October and March only is accounted for 14% of the whole year. The monthly precipitation and the mean air temperature during the experiment are shown in Figure 1.
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FIGURE 1. Monthly precipitation and mean temperature during the experimental period from July 2019 to July 2020. The dot with the broken line represented the mean temperature and the square with solid line indicated the monthly precipitation.




Experimental Design

Eucalyptus urophylla × E. grandis was selected as experimental materials and its seedlings (approx. 20 – 35 cm tall) were planted in April 2017 at a density of 3 × 2 m. The forestland was 0.536 ha in total and divided into five terraces with horizontal terraced land preparation method. Each terrace had four treatments (one plot per treatment), which were randomly arranged from 20 to 92 trees for each plot. A total of 20 plots were employed in the present study, and their shapes were described in Yu’s study (Yu et al., 2019a). The experiment was set up as a completely random block design of water and fertilizer. There were four treatments in total: (1) no dry-season irrigation and no fertilizer (CK), (2) dry-season irrigation but no fertilizer (W), (3) no dry-season irrigation but fertilizer (F), and (4) dry-season irrigation and fertilizer. Dry-season irrigation was carried out only from October to March with drip irrigation equipment. Following Yu’s observation (Yu et al., 2019a), the irrigation was given 8 h/week at 4 L/h to ensure the soil relative water content of the soil from 40 cm depth and 40 cm away from the trees was maintained at 90% for 3 days. The fertilizer addition refers to the added amount of Eucalyptus production in southern China (Ministry of Forestry of the People’s Republic of China, 2015). As of July 2020, fertilizer was applied 4 times: base fertilizer, first extra fertilizer, second additional fertilization, and third additional fertilization. The base fertilizer was applied at 400 g/hole in March 2017, which includes N: 24 g, P2O5: 72 g, and K2O: 24 g. The first extra fertilizer was applied at 400 g/hole for F and WF treatments in July 2017, including N: 45 g, P2O5: 21 g, and K2O: 24 g. The second and third additional fertilization for F and WF treatments were, respectively, carried out at 400 g/hole in July 2018 and July 2019, each of which included N: 60 g, P2O5: 28 g, and K2O: 32 g. The initial soil nutrient concentrations (40 cm) were total nitrogen (TN): 0.34 g/kg, total phosphorus (TP): 0.16 g/kg, total potassium (TK): 8.82 g/kg, alkaline hydrolysis nitrogen (AHN): 30.74 mg/kg, available phosphorus (AP): 0.30 mg/kg, and rapidly available potassium (AK): 10.42 mg/kg.



Growth Traits

The diameter at breast height (DBH) and height of all E. urophylla × E. grandis were measured in July 2019 and July 2020. The number of measurements for each treatment were 150 (CK), 189 (W), 146 (F), and 168 (WF). In July 2020, 5 standard trees of each treatment fell to estimate the aboveground biomass. The aboveground part was broken down into stem, twig, leaf, and fruit. All the materials were dried and weighed to calculate the biomass of each organ under various treatments.



Litterfall Deposition and Decomposition

In July 2019, 5 collectors were set in each block using five-point sampling method to measure litterfall deposition, 1 m × 1 m (1 m2) in size, made from mesh gauze (2 mm diameter), with collectors installed at a height of 1 m above the ground to ensure the separation of the mesh gauze from the surface. The litterfall was collected monthly (the end of each month) and classified into organs: leaf, twig, fruit, and bark. The litterfall deposition was monitored from August 2019 to July 2020. All samples were dried in an oven at 65°C to constant weight and then weighed.

In July 2019, fresh litterfall was collected from the plantation’s floor and air-dried to constant weight in a laboratory. Portions of 10 g of leaves and twig samples (cut into 10 cm length) were separately packed in corrosion-resistant plastic bags with 2 mm2 mesh and measuring 25 cm × 25 cm. A 20 leaf bags and 20 twig bags were placed under the litter layer in each plot using five-point methods at the end of July. We planned for 4 successive harvests in each plot during the experiment: 5 leaf bags and 5 twig bags in each plot were collected at 3, 6, 9, 12 months after placing litter bag to measure litter decomposition. After collection, the materials contained in the plastic bags were cleaned with a brush to remove the attachments like weed and soil particles. Afterward, the materials were dried in an oven at 65°C to constant weight (Mt). Leaves and twig litter for each treatment were oven-dried to constant weight at 65°C to determine the ratio between air-dried mass and oven-dried. Then, the ratio was used to convert the weight of initial air-dried litter to the weight of oven-dried litter (M0). The nutrient content of the original samples (C0) and 12 months decomposed samples (Ct) for each treatment were analyzed. Samples for chemical analysis were ground and passed through a 0.5 mm sieve for testing the concentrations of C, nitrogen (N), phosphorus (P), and potassium (K) (refer to soil chemical analysis methods). The mass loss rate (L), proportion of nutrient released (F′), and Olson model were calculated as follows:
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Olson negative exponential decay model: y = a × e–kt

In the Olson model: y means the remaining mass rate of litter; a means the fitting parameter; k means the annual decomposition coefficient; t means the decomposition time.



Environmental Factors

The soil water content (SWC) was measured at the end of each month with 15 repeats for each treatment. Soil samples 40 cm deep (40 cm away from the trees) were obtained with a soil drill in three random places of each block. The soil samples were collected in an aluminum box to be weighed and dried at 105°C to constant weight in an oven. Then record the dry weight to compute the SWC. SWC (%) = (fresh weight – dry weight)/(dry weight – box weight) × 100%. The relative soil water content (SWCr) = SWC/field moisture capacity. The field moisture capacity was measured with cutting ring methods (Ministry of Agriculture of the People’s Republic of China, 2010). In July 2019, soil field water-holding capacity of 0 – 20 cm and 20 – 40 cm was measured for each plot. One profile was sampled for each plot, with disturbed and undisturbed soil samples collected from the top soil to 10 and 30 cm. Three undisturbed soil samples were collected from each soil layer with a cutting ring (70 mm diameter and 52 mm height). The disturbed soil samples were collected from the soil around the cutting ring and air dried for 3 days in a laboratory. The undisturbed soil samples were placed in a tray filled with water to a level of 2 – 5 mm below the upper rim of the cutting ring. After air dried for 3 days, the disturbed soil samples sifted by 2 mm sieve and filled with a cutting ring. Next, the undisturbed soil samples were soaked for 24 h, and then put on sand. After the undisturbed soil samples were saturated, the samples were placed on the cutting ring of disturbed soil samples. In order to ensure that the two cutting rings were contacted tightly, a 2 kg brick was placed on the top of the undisturbed soil samples. After the samples were stand for 8 h, 20 – 30 g soil samples from the cutting ring of the wet undisturbed soil samples were collected into an aluminum box of known weight (m0), and then weighed immediately (m1). Finally, the samples in the aluminum box were dried to constant weight (m2) in an oven of 105°C. The formula for field water-holding capacity (FC) is: FC = (m1 – m2) × 1,000/(m2 – m0).

The soil nutrient content was measured once in the dry season (January 2020) and the rainy season (July 2020) with five repeats for each treatment. In each block, a bag of soil samples (0 – 10 cm depth) was taken from 5 places under the litter bags. The soil samples were air-dried for 3 days in the laboratory and then sifted in a mill with 2 mm sieve for testing the concentrations of C, TN, TP, TK, AHN, AP, and AK. Chemical analysis was referenced standard analysis methods (Lu, 2000; Carter and Gregorich, 2007). Organic carbon concentration was determined with the traditional potassium dichromate heating oxidation – volumetric method (Carter and Gregorich, 2007). After sulfuric acid and hydrogen peroxide digestion, the TN concentration was determined by the distillation titration method (Lu, 2000). TP concentration was determined by the vanadium molybdate yellow colorimetric method after digesting with sulfuric acid and hydrogen peroxide (Lu, 2000). TK concentration was determined by flame photometer method after digesting with sulfuric acid and hydrogen peroxide (Lu, 2000). Hydrolytic reduction was carried out in sodium hydroxide and ferrous sulfate solutions, and then the AHN concentration was determined by sulfuric acid titration with boric acid as an indicator (Lu, 2000). After soaking with HCI-HF reagent, AP was determined by the molybdenum antimony colorimetric method. The sample was extracted with ammonium acetate and the AK was determined by flame photometer method (Lu, 2000).



Soil Enzyme Activity

The samples of soil enzyme were collected in January 2020 with 5 repeats for each treatment. In each block, a bag of soil samples (0 – 10 cm depth) was taken from 5 places under the litter bags and stored in an cryogenic container. The soil samples were sifted in a mill with 1 mm sieve in a laboratory. The samples were stored at 4°C and measured within 1 week.

Soil enzyme activity analysis was referenced standard analysis methods. Enzyme activity is expressed as the mass of specific product generated per unit of dry soil weight per unit time. Acid phosphatase activity was analyzed using p-nitrophenyl-phosphate as substrate, and then using a spectrophotometer to measure absorbance at 410 nm to calculate activity (Santos et al., 2018). β -glucosidase activity was analyzed using sodium acetate (pH 5.5) as buffer and using 4-nitrophenyl β-D-glucopyranoside as substrate, and then using a spectrophotometer to measure absorbance at 410 nm to calculate activity (Santos et al., 2018). Urease activity was measured by phenol-sodium hypochlorite colorimetric and assayed at 540 nm, using urea as substrate (Zhen et al., 2019). Using the phenolic amino acid L-3,4-dihydroxy phenylalanine (L-DOPA) as the substrate, polyphenol oxidase activity was analyzed by spectrophotometer at 475 nm (Prosser et al., 2011). Cellulase activity was determined by 3,5-Dinitrosalicylic acid colorimetry Method. The amount of glucose released over 72 h was assayed colorimetrically at 540 nm (Guan, 1986).



Data and Statistical Analysis

Excel 2021 was used for data sorting, SPSS 22.0 was used for ANOVA analysis, Duncan’s multiple comparison analysis, Pearson correlation analysis, and Olson negative exponential decay model. Origin 2021 software was used for principal component analysis (PCA) and making figures.

The annual litterfall production (total or each type) was calculated by adding up the amount of monthly litterfall production in each block. After using Grubbs method to delete outliers, one-way ANOVA following Duncan’s multiple comparison analysis (normal distribution and variance homogeneity of the data have tested) was used to test the effects of treatment on litterfall production, aboveground biomass, percentages of litter remaining mass, C and nutrient concentrations, proportion of C and nutrient released, and soil enzyme activity. Pearson correlation coefficients were estimated between environmental factors and monthly litterfall productions, litter remaining mass, and soil/litter chemical traits, litter nutrient released proportion and soil/litter chemical traits. The Pearson correlation analysis, Olson negative exponential decay model, and PCA were made using the average per plot (n = 5).




RESULTS


Biomass

Fertilization increased the biomass of leaf, twig, and stem 3 years after plantation (Table 1), while dry-season irrigation increased the biomass of stem (P < 0.05). The biomass of stem under dry-season irrigation showed further increase by 14.7% on the basis of fertilization treatment (P < 0.05).


TABLE 1. Aboveground biomass of E. urophylla × E. grandis 3 years after plantation.
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Litterfall Deposition

In E. urophylla × E. grandis plantations under different treatments, the average litterfall productions ranged from 6852.8 kg/ha/yr under CK treatment to 8720.3 kg/ha/yr under WF treatment (Figure 2). The total litterfall productions with fertilizer addition (F and WF) were higher than that with no fertilizer (P < 0.05). Dry-season irrigation had no effect on litterfall production (P > 0.05). Dry-season irrigation increased litterfall production but without forming significant differences. The leaf fraction showed the highest contribution in total litterfall production (average 4733.9 kg/ha/yr), without statistical differences between various treatments. The second largest contribution to total litterfall production was twig (average 1517.5 kg/ha/yr). Fertilization increased the twig (61–71%) and fruit (77–93%) production, while the twig and fruit production did not differ under dry-season irrigation. Barks were significantly different between fertilization and non-fertilization. The PCA depicted similarities/differences between treatments: there were obvious differences between fertilizer (F and WF) and no fertilizer (CK and W), and a small difference between dry-season irrigation and no dry-season irrigation (Figure 3).
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FIGURE 2. Total litterfall production and components (kg/ha/yr) of E. urophylla × E. grandis from August 2019 to July 2020. The bars in different colors, respectively, indicated CK, W, F, and WF treatment. The error bars indicated SE. The values followed by the different letters are significantly different according to one-way ANOVA (P < 0.05).
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FIGURE 3. Principal component analysis (PCA) of annual litterfall production (leaf, twig, fruit, and bark) under different treatments.


The litterfall production of all treatments followed a seasonal pattern throughout the experimental period (Figure 4). The deposition over 72% occurred in the rainy season (from April to September), strongly affected by the leaf and twig productions (Supplementary Figure 1). The productions of leaf, twig, and bark peaked in May and fruit in July. In particular, fruit and bark fall rarely occur during the dry season, while leaf and twig are maintained at a low level (Figure 4 and Supplementary Figure 1). In Pearson correlation analysis, litterfall deposition showed positive correlations with temperature and precipitation (Table 2). Temperature had positively correlated with twig and fruit production (P < 0.05), which was not affected by dry-season irrigation and fertilization. Precipitation had positively correlations with total, leaf, twig, and bark production, but the correlation with leaf production disappeared under dry-season irrigation and fertilization.
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FIGURE 4. Monthly leaf (A), twig (B), fruit (C), bark (D), and total (E) litter deposition of E. urophylla × E. grandis from August 2019 to July 2020. The gray areas represent the months in the dry season. The P-value showed the results from one-way ANOVA testing for the effects of dry-season irrigation and fertilization, ∗P < 0.05, ∗∗P < 0.01.



TABLE 2. Analysis of the correlation between environmental factors and monthly litterfall productions from August 2019 to July 2020.
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Litter Decomposition

The Olson negative exponential decay model adequately described the decomposition rates of leaf and twig under different treatments, with R2 values ranging from 0.70 to 0.98 (Table 3). The decomposition rates of the twig were lower than that of the leaf. In the first 90 days, the rates of decomposition under all treatments were more intense than in other periods (Figure 5). After 360 days of decomposition, the average litter decomposition rates of leaf and twig for all treatments were 30 and 12%. Different treatments had significant influences on litter decomposition. Fertilization and dry-season irrigation were beneficial to leaf and twig decomposition (Figure 5), of which under WF treatment attained the highest rates of decomposition with 34% (leaf) and 15% (twig), respectively, after 360 days (P < 0.05). According to the Olson model, the time required to decompose 95% of leaf and twig had been, respectively, reduced by 16.8 to 34% and 20.8 to 43.8% under fertilization and dry-season irrigation. In the experimental period, the remaining mass negatively correlated with initial C, N, P, and K concentration, and positively correlated with C/N, C/P, and C/K (Table 4). In addition, leaf decomposition was related to the activity of β -glucosidase, Urease, and Polyphenol oxidase in the dry season (P < 0.05), while twig decomposition was related to the activity of Urease and Polyphenol oxidase (Table 5).


TABLE 3. Decomposition equations of Olson negative exponential decay model of leaf and twig for all treatments.
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FIGURE 5. Percentages of remaining mass in leaf and twig under different treatments during the experimental period. The P-value showed the results from one-way ANOVA testing for the effects of dry-season irrigation and fertilization, ∗P < 0.05, ∗∗P < 0.01.



TABLE 4. Pearson correlation analysis between litter remaining mass (leaf and twig) and initial chemical traits.
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TABLE 5. Pearson correlation analysis between the percentage of remaining mass and enzyme activity of surface soil (10 cm) in the dry season.
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Nutrients Released

Most of initial litter C and nutrient concentrations were influenced by fertilization, but not by dry-season irrigation (Table 6). Initial foliar C concentrations increased by 2.6 – 2.7% under fertilization (P < 0.05). Affected by the increase of P concentrations in leaf (26.1 – 27.8%) and twig (48.6 – 65.6%), C/P under fertilization were decreased (leaf, 18.8 – 20.1%; twig, 30.4 – 37.3%). Compared to CK, dry-season irrigation increased foliar K concentration by 55.9 – 58.5%, while fertilization increased the K concentrations of twig by 27.0 – 39.7% (P < 0.05). After decomposing 360 days, C, N, and P concentrations greatly decreased, and their difference narrowed between treatments. Meanwhile, the K concentration of twigs decreased immensely, but foliar K concentrations change little.


TABLE 6. C and nutrient concentrations, C/N and C/P ratio of leaf and twig litter under various treatments after 0 and 360 days decomposition.
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After 360 days of decomposition, the quantities of C, N, P, and K in leaf and twig decreased for both treatments (Figure 6). In leaf litter, the released proportions of N (16.2 – 18.2%) and P (22.7 – 31.5%) under fertilization were higher than that under non-fertilization (P < 0.05). Compared to non-fertilization, fertilization increased the C release proportion by 111.2 – 145.4%, N release proportion by 46.6 – 72.9%, and P release proportion by 121.5 – 136.4% of twig (P < 0.05), respectively. In particular, the C/N of WF in leaf litter was higher than that of CK (22.4%) and the C/P of WF in twig litter was higher than that of CK (49.7%) and W (34.3%). The released proportions of K were different from that of C, N, and P. Fertilization and dry-season irrigation promoted the release of foliar K, and the effect of dry-season irrigation was greater than fertilization. The release of twig K was inhibited by dry-season irrigation, but the combination of dry-season irrigation and fertilization promoted the release of twig K (P < 0.05).
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FIGURE 6. The proportions of nutrient released to soil from leaf (A) and twig (B) litter bags after 360 days (n = 5). Data were shown as boxplots. The center line of the box represents the median, the box represents the inter -quartile range (IQR), the whiskers extend 1.5 times IQR, black dot represents the value outside 1.5 the IQR, and black square represents the mean value. The letters over the boxes represented the Duncan’s multiple comparison results. Different lowercase letters indicated significant differences between various treatments (P < 0.05).





DISCUSSION


Litterfall Production Under Different Treatments

Litterfall production generally exhibits seasonal patterns, which varies with forest types and environmental factors (Staelens et al., 2011; Zhang et al., 2014). The litterfall in the present study was collected from the E. urophylla × E. grandis plantation after 3 years of fertilization and dry-season irrigation. On average, the litterfall productions observed in the present study (6.85 to 8.72 Mg/ha/yr) are close to values of mature Eucalyptus plantations (3.57–6.04 Mg/ha/yr) in Brazil (Barlow et al., 2007; Ribeiro et al., 2018), but higher than that of a E. urophylla × E. grandis plantation (3.09 Mg/ha/yr) in southern China (Liu et al., 2009). In comparison with other studies demonstrating that litterfall production did not change with biomass (Demessie et al., 2012; Xu et al., 2019), the increases of litterfall production in our research are caused by increased biomass (Table 1 and Supplementary Table 1). Our results indicate a higher leaf production, followed by twig, bark, and fruit, which was consistent with the pattern observed in other studies (Da Silva et al., 2018; De Queiroz et al., 2019). Fertilization increases all types of litterfall production except for leaf, but dry-season irrigation had little effect on these (Figure 2). This difference may be related to the fact that fertilization greatly increased aboveground biomass, while dry-season irrigation did not.

The value of litterfall production in tropical/subtropical forests is known to follow a seasonal pattern. Affected by environmental factors and forest types, the monthly dynamics of litterfall showed unimodal, bimodal, and irregular models (Zhang et al., 2014). The variations of total litterfall, leaf, and twig under different treatments show bimodal models, which was consistent with the studies in tropical forests (De Queiroz et al., 2019; Zhu et al., 2021). Our results show leaf litter dominated the temporal dynamics of litterfall. Previous studies have indicated that the peak of leaf abscissions of seasonally dry forests occurred in the dry season, which is the physiological mechanism of drought adaptation (Chave et al., 2010; Zhu et al., 2019, 2021). However, our results indicating that the peak of litterfall production occurred in the mid-rainy season were contrary to our hypothesis, but consistent with other studies of Eucalyptus (Barlow et al., 2007; Cizungu et al., 2014). Although drought stress was observed during dry season in our plantation (Hua et al., 2021), litterfall productions remained at a low level during the dry season. Moreover, dry-season irrigation and fertilization only weaken the correlation between leaf production and precipitation. Litterfall production mainly affected by precipitation (Table 2) may be caused by the heavy rainfall and powerful wind events in the rainy season shaking off the dead hanging tissues (Dawoe et al., 2010).



Litter Decomposition Under Various Treatments

Litter decomposition is an important process of nutrient cycling in ecosystems (Yin et al., 2019). The decomposition of litter is mainly related to the initial nutrient concentrations (Table 4), which is consistent with previous studies that show decomposition rate is primarily determined by its traits. High nutrient concentration and corresponding low carbon: nutrient ratio increases litter attractiveness to microorganisms, which enhances the biodiversity and the activity of soil decomposers, resulting in higher decomposition rates (Zhang et al., 2019; Rawat et al., 2020). Since soil is the main source of plant nutrients, element concentrations in plants are affected by soil chemical properties (Bai et al., 2019). Fertilization increases the initial litter N, P, and K concentrations and decreases the C/N and C/P, while dry-season irrigation has little effect (Table 6). Low C/N and C/P indicates low recalcitrant substrate content and high nutrient content, facilitates microbial activity (Yin et al., 2019; Hou et al., 2021), and degrades organic matter (Zhang et al., 2019; Mora-Gómez et al., 2020). Meanwhile, the organic compounds from litter can influence the diversity and composition of microbial communities, further affecting the decomposition rates (McBride et al., 2020). In the present study, the average decomposition rate of leaf (30%) is much higher than that of twig (14%; Table 3). Compared to twig, the C/N and C/P of leaf are lower (Table 6), which is beneficial to decomposition (Zhang et al., 2019).

Generally, soil microbes secrete enzymes related to their nutrient demands, and enzyme activity is highly correlated with microbial activity (Frey et al., 2004; Li, 2006; Santos et al., 2018). Fertilization increased the activities of β -glucosidase, urease, and polyphenol oxidase, but not acid phosphatase and urease (Supplementary Table 2), indicating that N concentration limits microbial metabolism (Antonious, 2009; Wang et al., 2011). After fertilization, increased polyphenol oxidase activity was conductive to decompose recalcitrant polymers (such as lignin) of litterfall (Allison et al., 2008). Instead of cellulase, microbes in the soil of E. urophylla × E. grandis tend to secrete β -glucosidase to break down cellulose. Dry-season irrigation has little effect on soil enzyme activities during the dry season, which might be related to no differences in surface SWCr caused by high evaporation (Supplementary Tables 2, 3). Contrary to most previous studies (Salazar et al., 2011; Wang et al., 2012), the variation of soil enzyme activities is driven by foliar litter quality rather than soil nutrient (Supplementary Tables 4, 5). The increased soil enzyme activities under fertilization may be caused by diverse substrate availability (Christina and John, 2000; Hu et al., 2006).

Our results indicate that decomposing 50% of leaf litter takes 2.9 years (Table 3), longer than that (2.1 years) in tropical forests (De Queiroz et al., 2019). Compared to other Eucalyptus species, the higher C/N may be the main reason for the slow decomposition rate of E. urophylla × E. grandis litter (Demessie et al., 2012; Cizungu et al., 2014). Fertilization and dry-season irrigation accelerate litter decomposition rates, which is consistent with other studies (Sanaullah et al., 2012; Petraglia et al., 2019; Liu et al., 2021). By contrast with dry-season irrigation, fertilization had greater influences on the decomposition of low quality litter (Liu et al., 2006). After litter quality was increased by fertilization, dry-season irrigation further increased the decomposition rate. In the present study, fertilization stimulates litter decomposition by increasing litter quality and soil enzyme activities (Zhong et al., 2017; Hou et al., 2021; Liu et al., 2021). However, dry-season irrigation promoted litter decomposition with relatively little effect on litter quality or soil enzymes, contrary to previous studies (Prieto et al., 2019; Malik et al., 2020). The promotion of litter decomposition by dry season irrigation may be due to an increase in soil water content, which promotes soluble fraction leaching (Schreeg et al., 2013). These findings may only indicate the short-term effects of dry-season irrigation on litterfall decomposition, and further investigation should be conducted to uncover the underlying mechanisms.



Nutrient Release

In the present study, most leaf nutrients are released under different treatments after decomposing for 360 days, which was similar to Chen’s study Chen et al. (2019). The released proportion of nutrients of twig are much lower than that of leaf, especially the C (Figure 6). The C, N, P, and K are not released at similar proportional rates in twig, leading to the inhibition of C release at the later stage of decomposition (Yin et al., 2019; Hou et al., 2021). High nitrogen concentration (Liu et al., 2021), high labile compounds content (Pei et al., 2019, 2020), and high surface area: volume ratio (Angst et al., 2018) of litter were all beneficial for releasing C and nutrients by improving microbial activity and contact area.

The effect of dry-season irrigation and fertilization on the proportions of released nutrients was mainly driven by the variation of initial stoichiometric characteristics (Supplementary Table 6). We find that fertilization increases the proportions of released N and P by increasing litter C/N and C/P, while dry-season irrigation affects the proportion of released K by increasing foliar C/K and decreasing C/K. This result is consistent with previous studies suggesting that initial stoichiometric characteristics (C/N, C/P, and C/K) were key determinants of nutrient release (Lanuza et al., 2018; Wang et al., 2021). Due to high N concentration suppressing the activity of ligninolytic enzymes, fertilization had little effect on C release of leaf (Frey et al., 2004). In previous studies, irrigation was shown to increase (Sanaullah et al., 2012; Santonja et al., 2017; Zhong et al., 2017), decrease (Walter et al., 2013), or have no effect on decomposition rate (Zhao et al., 2012), which would affect the proportions of released nutrients. However, our results show that dry-season irrigation influences the proportion of released K through C/K, but not the decomposition rate. The variation of initial C/K might be related to the change of K retranslocation under dry-season irrigation (Wan et al., 2021). Over the experimental period, fertilization and dry-season irrigation change the litter decomposition rate by affecting the stoichiometric characteristics of litter. But it is unclear how dry-season irrigation increases decomposition rate without affecting nutrient release. It is necessary to further explore the effects of irrigation on nutrient cycling in Eucalyptus plantations under drier conditions.



Effect of Litterfall on Compensatory Growth

Previous studies on the effects of fertilization and irrigation on Eucalyptus growth have shown increased DBH, height, and biomass (Wright et al., 2011; Hua et al., 2021). In this study, fertilization and dry-season irrigation promoted the growth of DBH, height, and biomass, even though the effects of dry-season irrigation were not significant (Supplementary Table 1). This suggested that some compensatory responses occurred after nutrient and water restrictions were lifted. A high compensatory growth under fertilization may result from the up-regulation of photosynthesis capabilities and leaf biomass. Previous studies at this site have demonstrated that fertilization can increase photosynthesis (Hua et al., 2021) and promotes leaf growth (Yu et al., 2019a). By comparing the variations of biomass and litterfall production, it was found that the rise in biomass was much greater than that in litterfall production, promoting the growth of leaf biomass. Increased leaf biomass is especially beneficial for increasing photosynthetic products, which further enhances compensatory growth (Ma et al., 2020). Although the surface soil relative water content remained at a low level (Supplementary Table 3), dry-season irrigation had little effect on compensatory growth, which may be due to the utilization of deep soil water to alleviate water stress (Asensio et al., 2020). Another strategy that can be used to influence compensatory growth is altering the decomposition rate and release of nutrients in order to accelerate the nutrient cycle. The increase of decomposition rate and nutrient release under fertilization and dry-season irrigation can accelerate the nutrient cycle, and provide sufficient resources for compensatory growth (Van Staalduinen et al., 2010; Fischer et al., 2019).




CONCLUSION

Our results indicate that litterfall production of E. urophylla × E. grandis follows a seasonal pattern and its peak occurs in the rainy season. Fertilization significantly increases litterfall production (except leaf) while dry-season irrigation does not. Although temperature and rainfall are related to litterfall production, it is unclear whether this is caused by physical impacts (powerful wind or rain) or physiological characteristics. When litter enters topsoil, its decomposition is mainly affected by its traits (C/N, C/P, and C/K), followed by soil enzyme activity. Nutrients, rather than water, are the main factor limiting the litter decomposition in E. urophylla × E. grandis plantation. The positive effects of dry-season irrigation can be reflected only when nutrient limitation is alleviated. However, irrigation has little effect on litter nutrient release, which is contrary to previous studies. Therefore, more water supplement experiments in tropical/subtropical Eucalyptus plantations should be done to realize the effects of dry-season irrigation on the nutrient cycle under seasonal drought. Our finding shows that plantation management not only increased stand productivity, but also played an important role in the nutrient cycle.
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A pot experiment was performed under rain–shelter conditions to explore the effects of drought stress and post-drought rewatering on the abundance of an ammonia-oxidizing bacteria (AOB) strain in corn (Zea mays L.) rhizosphere soils and the relationship between the AOB strain and corn (Zea mays L.) compensatory growth after drought stress rewatering. Corn seedlings were used as test materials, and one AOB strain was isolated and screened from the soil. The experimental design included six treatments: (1) wet (WT), (2) wet with AOB strain inoculation during wetness (WI), (3) wet with AOB strain inoculation during rewatering (WR), (4) post-drought rewatering (DT), (5) post-drought rewatering with AOB strain inoculation during wetness (DI), and (6) post-drought rewatering with AOB strain inoculation during rewatering (DR). Wetness and drought stress were obtained by keeping the soil water content at 75–80% and 50–55% of the field capacities, respectively. The results showed that the isolated and screened AOB strain (S2_8_1) had 100% similarity to Ensifer sesbaniae. The inoculation of S2_8_1 during the wet period in the DI treatment caused it to colonize the rhizosphere soil. Drought stress decreased its abundance, but rewatering resulted in a great increase. The S2_8_1 in the DI treatment increased the total biomass, water use efficiencies, net photosynthetic rates, rhizosphere soil nitrification rates, leaf cytokinin concentrations, xylem sap cytokinin concentrations, copy number of S2_8_1 in rhizosphere soils, and organic carbon contents in rhizosphere soils by 23, 104, 35, 30, 18, 29, 104, and 23% on day 10 after rewatering compared with WT treatment. In the DI treatment, the increase in rhizosphere soil nitrification rates caused by S2_8_1 during wetness was closely related to the cytokinin delivery from roots to leaves and increased leaf cytokinin concentrations. The increase in leaf cytokinin concentrations improved rewatering corn growth, which caused compensatory growth and increased water use. Compensatory and over-compensatory growths occurred in DT and DR treatments, respectively. Therefore, the coexistence of the strain of AOB with corn in rhizosphere soil increased the corn compensatory growth by regulating soil nitrification and root-induced leaf cytokinin.

KEYWORDS
 ammonia-oxidizing bacterial strain, coexistence, corn, compensatory growth, cytokinin, rewatering upon drought stress


Introduction

The lack of rainfall and irrigation water is a serious threat to crop production in Northern China (Yan et al., 2018; Liu et al., 2020). Crop water use should be improved to meet the challenge of water shortage. For this reason, water-saving agricultural technologies, namely, supplemental irrigation, regulated deficit irrigation, deficit irrigation, and rainwater harvesting irrigation have been widely used in the region (Ali et al., 2019; Zhang et al., 2019a,b; Liu et al., 2021; Shi et al., 2021). Essentially, these water-saving techniques were all based on growth inhibition under drought stress and growth acceleration during subsequent rewatering, namely compensatory growth upon post-drought rewatering. Plant under-compensation, compensation, and over-compensation growths refer to the compensatory biomasses during recovery growth below, equal to, and exceeding the lost biomass during environmental stress, respectively (Belsky, 1986; Grogan and Zamin, 2018). Thus, research efforts in crop post-drought rewatering compensatory growth should continuously focus on the development of water-saving strategies in agricultural production.

Crop post-drought rewatering compensatory growth is the fast growth caused by rewatering stimulation, and the root is the most direct organ that receives the stimulation; therefore, crop post-drought rewatering is very important for compensatory regrowth. Wang et al. (2016, 2018a) reported that leaf cytokinin induced by its synthesis in the roots promoted fast corn growth during post-drought rewatering, and nitrate ([image: image]) in the soil is the key factor that promoted the synthesis of cytokinin in corn roots. Wang et al. (2020a,b) observed that [image: image] released from the soil, which was caused by rhizosphere soil nitrification, directly induced corn root cytokinin synthesis and its delivery to the leaves, thereby increasing post-drought rewatering compensatory growth. Furthermore, soil ammonia-oxidizing bacteria (AOB) play a key role in the compensatory growth of crops. Wang et al. (2021) reported that a strain of the AOB Acinetobacter pittii, which was isolated and screened from the soil, promoted rhizosphere soil nitrification and the compensatory growth of corn. However, the reports on the relationship between soil AOB and crop are limited. The present study aimed to reveal the crop post-drought rewatering compensatory growth mechanism based on the coexistence of soil AOB with the crop.

The rhizosphere is an area where many bacteria colonize and play a role in host plant growth (Gagné-Bourque et al., 2016); it is a good place for soil AOB to coexist with crops. Crops during post-drought rewatering experience soil wetness, drought stress, and rewatering. The variable soil water environments of crops under post-drought rewatering growth influence the AOB abundance because drought stress restrains the bacterial number, but wetness can play a positive role in it (Monokrousos et al., 2020). However, several studies have reported the abundance of soil AOB in crop rhizosphere during post-drought rewatering. The study of the relationship between the abundance of rhizosphere soil AOB with crop post-drought compensatory growth will reveal its mechanism from a coexisting view.

In the present study, corn seedlings were selected as the test materials because their seedling growth is susceptible to drought stress and rewatering. Corn is the largest crop in China and the third largest crop in the world. Determining its compensatory mechanism during post-drought rewatering is beneficial for agricultural production and the development of water-saving strategies. We intended to reveal a rhizosphere soil AOB strain that would survive drought stress, show increased growth with rewatering, and improve corn compensatory growth during post-drought rewatering. To test this hypothesis, we isolated and screened one strain of AOB from the soil of the study site to test the effect of soil AOB on corn growth. Then, the isolated AOB strain was inoculated into the soil to detect its abundance by quantitative fluorescence polymerase chain reaction (PCR). Quantitative PCR is an accurate method for detecting bacterial numbers in soils (Bland et al., 2021). The effects of drought stress and post-drought rewatering on the abundance of the isolated AOB strain in rhizosphere soils and the relationship between the abundance of the isolated AOB strain and soil nitrification rates in rhizosphere soils, leaf cytokinin, and leaf photosynthesis were investigated to understand the compensatory growth mechanisms.



Materials and methods


Experimental design
 
Isolation and screening of soil AOB strain
 
AOB strain isolation from soil

In the present study, a liquid medium containing 0.5 g (NH4)2SO4, 0.75 g KH2PO4, 0.25 g NaH2PO4, 0.01 g MnSO4·4H2O, 0.03 g MgSO4·7H2O, and 5.0 g CaCO3 dissolved in 1 L of distilled water was obtained to isolate and screen soil AOB strain, and the solution pH was regulated to 7.2. The 1 L of the liquid medium was dissolved in 2.5 g of agar to form a solid medium. A mixture of 5 g of yeast extracts, 10 g of NaCl, and 10 g of tryptone was dissolved in 1 L of distilled water with pH being regulated to 7.0 and served as the LB medium.

Soil samples were collected from the corn rhizosphere soil, and they were added to the liquid medium to cultivate for 15–25 days at 28 °C in the dark. Then, the liquid medium was examined with Griess reagent to qualitatively test the presence of the AOB strain. Griess reagent is a qualitative test reagent for nitrite; nitrite may be used to verify whether ammonia has been oxidized. The liquid medium (0.5 ml) was dropped onto a white porcelain colorimetric plate, followed by the addition of 0.1 ml of Griess reagent for colorization. The occurrence of red, pink, or dark red colors meant the presence of nitrite ions and the AOB strain due to the oxidation of ammonia into nitrite. Then, we obtain a small portion of the liquid medium and added it to the new liquid medium for another cultivation using the same method. We repeated this process two times to obtain the liquid medium with pure AOB. Several of these pure AOB liquid media was applied on the surface of a solid medium to perform a 5–8-day cultivation at 28°C under dark conditions. When tip-size bacterial colonies were observed, we selected a single colony and applied it to the surface of another solid medium. The pure bacterial colony was obtained after repeating this process 5–10 times. Finally, one strain (S2_8_1) of bacteria was selected as the experimental strain.

The pure bacterial colonies were subsequently inoculated into the liquid medium solution, which ultimately served as the AOB culture in the present study. In addition, a portion of the AOB culture was inoculated into the LB medium to detect the heterotrophic growth of the bacterial strain. The characteristics of individual AOB were observed under an optical microscope, and the isolated AOB strains were examined through Gram staining.



Nitrification rate detection

The purified AOB culture (1 ml) and its control consisting of 1 ml of liquid medium without AOB were applied to 50 g soil samples to test AOB effects on soil nitrification. The soil samples had an organic carbon content of 24.3 g·kg−1 and total nitrogen content of 2.2 g·kg−1. Then, 20 g of each soil sample was cultivated for 7 days at 25°C under a moisture level equal to 60% field capacity. The differences in soil [image: image] content between the inoculated soil samples and those not inoculated were divided by 7 (for the 7 days) to obtain the soil nitrification rate per day.



Identification of AOB strains

A bacterial genome extraction kit (Bioer Technology Co., Ltd.) was used to extract the total bacterial DNA, and 16Sr DNA was amplified. The forward and reverse primers were 27F (5′-AGAGTTGATCCTGGCTCAG-3′) and 1492R (5′-TACCTTGTTACGACTT-3′), respectively. The 25 μL of PCR reaction system components included 2.5 μL of 10 × Buffer (with Mg2+), 2 μL of dNTP (2.5 mmol L−1), 0.4 μL of each forward and reverse primer (10 μmol L−1), 30 ng DNA template, and 0.75 U Ex Taq DNA polymerase and the rest being double-distilled water (ddH2O) to reach a certain volume. The reaction procedure was as follows: pre-degeneration at 94°C for 4 min, degeneration at 94°C for 1 min, renaturation at 55°C for 45 s, extension at 72°C for 2 min, 30 circulations, and extension at 72°C for 10 min. We analyzed the amplification products using 1.0% agarose gels. DNA Fragment Purification Kit was used to purify a 1.5 kb target fragment. The purified products were sequenced by TinyGene Bio-Tech (shanghai) Co., Ltd. The genes of close strains were obtained by the comparative analysis of the DNA sequencing results with GenBank. Phylogenetic trees were constructed using the neighbor-joining method in MEGA3.1.




Corn compensatory growth of drought stress rewatering

A pot experiment was performed under rain–shelter conditions at the Henan University of Science and Technology, Luoyang City, Henan Province, China, and the results showed an average annual rainfall of 601 mm, an average annual temperature of 14.2°C, and average annual sunshine of 2,204.9 h. The corn (Zea mays L.) variety “Zhengdan 958” was used in the present study because of its drought resistance and good adaptability. Figure 1 displays the trial time course, treatment setting, and related indicators measured. On 5 June 2021, 200 plastic pots, which had a mouth diameter of 21.5 cm and a pot height of 20.0 cm, were planted with 15 corn seeds each. Each pot contained about 5.8 kg of soil with an organic carbon content of 24.7 g/kg and total nitrogen content of 2.15 g/kg. Corn seedling emergence occurred after about 6 days.


[image: Figure 1]
FIGURE 1
 Schematic diagram for the experimental design. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. “①”, “②”, “③”, “④”, and “⑤” show the first, second, third, fourth, and fifth subgroups of each treatment, respectively. Pn, Sc, and Tr represent the net photosynthetic rate, stomatal conductance, and transpiration rate, respectively. “Inoculate” and “Medium” represent adding AOB stain solution and liquid medium without AOB, respectively.


On the 6th day after emergence, thinning was performed in each pot to leave five seedlings that were growing well. In addition, 90 pots with well-growing seedlings were selected for the study. The 90 pots were evenly divided into four groups with 15 pots each, corresponding to the six experimental treatments in the present study: (1) wet (WT), (2) wet with AOB strain inoculation during wetness (WI), (3) wet with AOB strain inoculation during rewatering (WR), (4) post-drought rewatering (DT), (5) post-drought rewatering with AOB strain inoculation during wetness (DI), and (6) post-drought rewatering with AOB strain inoculation during rewatering (DR). The 15 pots in each treatment were divided into five subgroups with three pots each. The three pots in each subgroup were the three replicates for each treatment during each measurement.

The 10-day growth period of wetness was from the 11th to the 22nd day after emergence. On the first day of the wet period, 200 ml of purified AOB culture (216090 [image: image]) was added to the soils of DI and WI treatments to inoculate AOB, and 200 ml of liquid medium without AOB was added to the soils of other treatments. On the 6th day of the wet period, the first subgroup in each treatment was picked out to sample the rhizosphere soils that were used for the measurements of AOB stain number. At the end of the wet period, the second subgroup of each treatment was selected to measure the corn biomass, which was used for the measurement of corn water use efficiency.

On the 22nd to 42nd day after emergence, the 10-day growth periods of drought stress and rewatering were established. During the 10-day drought stress period, the drought stress experiment was conducted in the third, fourth, and fifth subgroups in DT, DI, and DR treatments. In addition, the third, fourth, and fifth subgroups of WT, WI, and WR treatments remained wet. At the end of the drought period, corn biomass, zeatin riboside (ZR) content, net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Sc) were measured in the third subgroup of each treatment, and rhizosphere soils that were used for the measurement of soil nitrification rate, soil [image: image], and [image: image] contents and AOB stain number were also sampled.

In the next 10 days of the rewatering period, all groups maintained wetness. At the beginning of the rewatering period, approximately 200 ml of purified AOB culture (216090 [image: image]) was added to the soils in the fourth and fifth subgroups of DR and WR treatments, and 200 ml of liquid medium without AOB was added to the soils in the fourth and fifth subgroups of other treatment groups. At 5 and 10 days after rewatering, corn biomass and ZR content were measured in the fourth and fifth subgroups of each treatment group, and rhizosphere soils were sampled. At 3 days after rewatering, Pn, Tr, and Sc were measured in the fourth subgroup of each treatment. The same procedure was performed in the fifth subgroup of each treatment group on days 6 and 9 after rewatering.

Water was applied in pots with a soil water content below 50% of the field capacity to maintain 50–55% of the field capacity. Consequently, drought stress was obtained. Similarly, the soil water content was maintained at 75–80% of the field capacity by adding water. Then, wetness was obtained. In the study of Wang et al. (2018b), the soil water contents are calculated using Formula (1):

[image: image]

where SWC, Bt, Bd, Be, Bp, and FWC are the soil water content, temporary whole pot weight, net dried soil weight, empty pot weight, estimated fresh weight of all plants, and field water capacity in each pot, respectively. Bp was determined on extra pots early.




Measurements and data analysis
 
Biomass, photosynthesis, soil nitrification, and zeatin riboside

The roots were washed with water to remove soil. The roots, stems, and leaves were dried for 72 h at 65°C to obtain dry matter. The aboveground and total biomasses were the sums of dry matters of the stem and leaf, and root, stem, and leaf, respectively. Water used throughout the drought stress and rewatering periods was divided by the total biomass increase to calculate the water use efficiency. The difference in total biomass between the start of the drought stress period and the end of the rewatering period was used to calculate the total biomass increase. Water use was calculated by adding water throughout the drought stress and rewatering periods. LI-6400 photosynthesis equipment was used at 11:00 am to measure Pn, Tr, and Gs.

Soil [image: image] and [image: image] contents were measured using the indophenol blue method and phenol disulfonic acid colorimetry, respectively (Lu, 1999). Soil samples that retained 60% water content of the field capacity were cultured for 7 days at 25°C to determine the soil net nitrification rate. The differences in soil [image: image] content before and after culturing were divided by 7 days to obtain the daily soil net nitrification rate. Soil organic carbon (SOC) contents in rhizosphere soils were determined by the potassium dichromate outside heating method (Lu, 1999).

The corns were clipped at the stem base. Then, 1.0 g absorbent cotton was used to cover the wounds to absorb the xylem sap for 12 h. The xylem sap volume was obtained by dividing the cotton weight increase by 1 g/cm3. The cotton was compacted, and the saps were squeezed out. The saps were collected for the measurement of the ZR concentration. Enzyme-linked immunosorbent assay was used for the measurement of the ZR content in the leaf and xylem saps (CZR) in accordance with the method of Qin and Wang (2020). The ZR content in the xylem saps that were collected per hour was used to express the ZR delivery rate from the roots to the leaves (RZR).



Quantitative real-time PCR and analysis

The total DNA of the soil genome was extracted from rhizosphere soil samples using the MO-BIO PowerSoil DNA Isolation Kit and used as a template for PCR amplification. The specific primers F (5′-ATGTACTGCGCTCAAATCCGA-3′), R (5′-ATGATGAAGGCAAAACCACGAT-3′), and probe P (5′-FAM-ACAACGCAGAAGTCGCACGGAAG-BHQ1-3′) of S2_8_1 were used for the PCR amplification of genomic DNA targeting the gene of S2_8_1, which was obtained by 16Sr DNA amplification in “2.1.1.3 Identification of AOB strains.” The 25 μL of reaction system contained the following: 12.5 μL of Premix Ex Taq (qPCR probe) (2 ×), 0.5 μL of forward primer F (10 μM), 0.5 μL of reverse primer R (10 μM), 0.5 μL of probe (10 μM), 5 μL of DNA template, and 6 μL of ddH2O. The reaction conditions were pre-denaturation at 95 °C for 30 s, denaturation at 95 °C for 10 s, annealing at 60 °C for 45 s, and recycling for 45 times. Each soil sample was tested three times. The extracted total DNA of the soil genome was amplified, and the Ct value of the sample obtained by quantitative fluorescence PCR was introduced into the standard curve equation to calculate the copy number of S2_8_1 (copies/g) in the rhizosphere soil of maize. The copy number was used to indicate the bacterial number.

The specific primers of S2_8_1 were amplified using PCR to construct the standard curve. The amplified products were purified, and the plasmids were constructed and transformed into Escherichia coli competent cells. The E. coli containing the target gene plasmid in the clone library was cultured in a shake flask at 37°C. The plasmid was extracted by Axygen Plasmid Miniprep Kit (Axygen) kit. The plasmid concentration was determined by Qubit 3.0 (Life Biotech), and the copy number of the plasmid was calculated. The gradient dilution results of the standard plasmid were as follows (5–7 points were generally diluted, and the points with good qPCR were selected as the standard curves): 5.86 × 105, 5.86 × 104, 5.86 × 103, 5.86 × 102, and 5.86 copies/μL. Five standard samples with different concentrations were subjected to quantitative fluorescence detection to establish a linear relationship between the Ct value and the concentration of S2_8_1 strain in corn rhizosphere soil. The abbreviations used in the text are summarized in Table 1. All values given in the figure are average values. The general linear model in SPSS 23 was used to conduct a one-way analysis of variance followed by Dunnett's test at the 0.05 probability level.


TABLE 1 Symbol definition.

[image: Table 1]





Results


Isolation and screening of soil AOB strain

The AOB strain S2_8_1 was isolated and screened in the present study. As shown in Figure 2, it belongs to Ensifer and has 100% similarity to Ensifer sesbaniae. Colonies appeared at 4–6 and 1–2 days after the inoculation of S2_8_1 into the separation and LB media, respectively (Figures 3A,B). The growth potential of S2_8_1 was higher in the LB medium than in the separation medium, which showed that the S2_8_1 had mixed nutritional characteristics and was inclined to be heterotrophic. On the AOB separation medium, the colonies of S2_8_1 appeared milky white and round with an irregular edge and smooth surface (Figure 3A). The S2_8_1 bacterium was 1.09-μm long and 0.54 μm wide and had a shape similar like a short bar under the microscope (Figure 3C). The soil nitrification rate was 10.89 and 5.89 mg/kg•d in soils with and without S2_8_1 added, respectively; and it was 1.85 times higher in soil with S2_8_1 added than that without S2_8_1 added. Therefore, S2_8_1 greatly increased the soil nitrification rate.


[image: Figure 2]
FIGURE 2
 Phylogenetic tree based on the 16S rDNA sequence of 1 AOB strain. The S2_8_1 in the figure is the strain that has been isolated and screened in the present study.



[image: Figure 3]
FIGURE 3
 Cell and colonial morphology of strain S2_8_1. The S2_8_1 was the strain that has been isolated and screened in the present study. (A,B) showed the morphology characteristics of cell and colony of strain S2_8_1 in separation and LB mediums, respectively. (C) showed the size and sharp of strain S2_8_1, respectively.




Biomass

The aboveground and total biomasses were significantly higher in WI and DI than in other treatments at the end of the wet period, and were significantly higher in WT than in DT, in WI than in DI, and in WR than in DR on day 0 after rewatering (Figure 4). These results showed that drought stress inhibited corn growth, whereas the inoculation of S2_8_1 during wet and drought stress periods increased corn growth. On the 10th day post-rewatering, similar aboveground and total biomasses were observed between WT and DT, and between WI and DI, and significantly higher total biomasses were observed in DR compared with WR. Therefore, rewatering increased corn growth. The total biomasses in DR on the 10th-day post-rewatering were 1.75, 1.79, and 1.43 times higher than those in WT, DT, and DI, respectively. Similarly, the total biomass in DI was 1.22 and 1.25 times higher than those in WT and DT, respectively. Thus, the inoculation of S2_8_1 during rewatering or wetness enhanced the growth of rewatering corn, but the inoculation during rewatering had a larger promotional effect than that during wetness.


[image: Figure 4]
FIGURE 4
 Biomass, water use efficiency in the different treatments in the study. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. In “−10” means the 10th day before the beginning of rewatering, namely the end of the wet period. In “0”, “5”, and “10” respectively stand for the beginning, 5th, 10th days of the 10-day rewatering period. The values are the mean ± standard error (n = 3). The different letters in each row indicate significant differences (P < 0.05).


The water use efficiencies in DR were 3.16, 2.82, 1.75, 2.09, and 1.72 times higher than those in WT, WI, WR, DT, and DI, respectively. The values were 1.84, 1.65, and 1.22 times higher in DI than those in WT, WI, and DT, respectively. In addition, water use efficiency was 1.51 times higher in DT than that in WT. Therefore, the inoculation of S2_8_1 during rewatering had the largest promotional effect on promoting water use, followed by the inoculation of S2_8_1 during wetness. Simple rewatering had the smallest effect.



Photosynthetic characteristics

Before rewatering, significantly higher values of Pn, Tr, and Sc were observed in WT than in DT, in WI than in DI, and in WR than in DR, which showed that drought stress restrained the photosynthesis of corn (Figure 5). The value of Pn was significantly higher in DI and DR than in WT on the third, sixth, and 9th days after rewatering, in DT than in WT on the third and 6th days after rewatering, and in DI and DR than in DT on the 6 and 9th days after rewatering. Sc was significantly higher in DR than in DT and in WR than in WT on the third and 6th days after rewatering; it was significantly higher in DR than in DT and in WR than in WT on the third and 6th days after rewatering. Tr was significantly higher in DT than in WT on the 6th day after rewatering, in DI and DR than in DT on the 9th day after rewatering, and in WI and WR than in WT on the 6th and 9th days after rewatering. These results showed that rewatering and inoculation of S2_8_1 improved photosynthesis.
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FIGURE 5
 Biomass, water use efficiency in the different treatments in the study. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. In “0”, “3”, “6” and “9” respectively stand for the beginning, 3rd day, 6th day, 9th day of the 9-day rewatering period. Pn, Sc, and Tr represent the net photosynthetic rate, conductance, and transpiration rate, respectively. The values are the mean ± standard error (n = 3). The different letters in each row indicate significant differences (P < 0.05).


The inoculation of S2_8_1 during rewatering had a larger promotional effect on photosynthesis than that before drought stress because significantly higher Pn was observed in DR than in DI on the 6th and 9th days after rewatering, and significantly higher Tr and Sc were noticed in DR than in DI on the 6th day after rewatering.



ZR, soil nitrification rate, soil [image: image], and [image: image] contents

Before rewatering, the leaf ZR content, RZR, and CZR of WT, WI, and WR significantly increased compared with those in DT, DI, and DR, respectively (Figure 6). Thus, drought stress decreased leaf cytokinin contents and delivery rates from the roots to the leaves. ZR is one of the major cytokinin forms. On the contrary, rewatering reversed this trend, with significant increases in the leaf ZR content found in DI compared with WI on the 5th day after rewatering and in DT and DR compared with WT and WR on the 10th day after rewatering, respectively. Non-significant lower RZR and CZR values were found in DT, DI, and DR than in WT, WI, and WR, respectively. In addition, the leaf ZR content and RZR were significantly higher in DR and DI than in WT and DT on the 5th or 10th days, which showed that S2_8_1 caused an increase in these indices of rewatering corn. The leaf ZR content was significantly higher in DR than in DI on the 10th day after rewatering. Therefore, the inoculation of S2_8_1 during rewatering had a larger promotional effect on leaf ZR content compared with inoculation during wetness.


[image: Figure 6]
FIGURE 6
 ZR, RZR, and CZR concentrations in the newly grown leaves. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. In “0”, “5”, and “10” respectively stand for the beginning, 5th day, 10th day of the 10-day rewatering period. CZR mean ZR concentrations in xylem sap. RZR mean delivery rates of ZR from roots to leaves, respectively. The values are the mean ± standard error (n = 3). The different letters in each row indicate significant differences (P < 0.05).


As shown in Figure 7, significant increases in rhizosphere soil nitrification rates were observed in the WT compared with DT and in WR compared with DR before rewatering, which indicated that drought stress inhibited rhizosphere soil nitrification. On days 5 and 10 after rewatering, significantly higher rhizosphere soil nitrification rates were found in DT than in WT, in DR and DI than in DT, and in WI and WR than in WT. Therefore, rewatering and S2_8_1 inoculation promoted rhizosphere soil nitrification. Significantly higher soil nitrification rates in the rhizosphere environments were detected in DR than in DI on the 10th after rewatering, which indicated that the larger promotional effect on the nitrification rate occurred when inoculating during rewatering than during wetness. During the rewatering period, irregular results, that is, by chance, were observed in rhizosphere soil [image: image] and [image: image] contents. Thus, the inoculation of S2_8_1 could not increase their contents.
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FIGURE 7
 Soil nitrification rate, soil ammonium and nitrate nitrogen contents in the study. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. In “0”, “5”, and “10” respectively stand for the beginning, 5th day, 10th day of the rewatering period of 10 days. The values are the mean ± standard error (n = 3). The different letters in each row indicate significant differences (P < 0.05).




Strain number and SOC content in rhizosphere soil

The copy number of S2_8_1 in rhizosphere soil was significantly higher in DI and WI than in WT, WR, DT, and DR during the wet period (Figure 8). Similarly, the copy number of S2_8_1 in DR and WR increased significantly compared with those in WT and DT during the rewatering period. Therefore, the inoculation of S2_8_1 increased its number in rhizosphere soil. The copy number of S2_8_1 was significantly higher in DR than in DI on day 10 after rewatering, which showed that inoculation during rewatering was more apt to increase the S2_8_1 amount in rhizosphere soil than inoculation during wetness. The copy number in WI was similar to that in DI during the wet period but was 1.5 times higher than that in DI at the end of the drought period. Thus, drought stress decreased the abundance of S2_8_1 in the rhizosphere soil. On the contrary, copy numbers of DI and DR were 1.4 and 2.7 times higher than that of WI and WR on day 10 after rewatering, respectively, which showed that rewatering increased the abundance of S2_8_1 in the rhizosphere soil.


[image: Figure 8]
FIGURE 8
 S2_8_1 number in rhizosphere soil and soil organic matter in the study. WT, WI, WR, DT, DI, and DR indicate treatments of wetness, wetness with AOB strain inoculation during wet period, wetness with AOB strain inoculation during rewatering period, post-drought rewatering, post-drought rewatering with AOB strain inoculation during wet period, post-drought rewatering with AOB strain inoculation during rewatering period, respectively. In “−10” means the 10th day before the beginning of rewatering, namely the end of the wet period. In “0”, “5”, and “10” respectively stand for the beginning, 5th day, 10th day of the rewatering period of 10 days. The values are the mean ± standard error (n = 3). The different letters in each row indicate significant differences (P < 0.05).


Rhizosphere SOC contents were significantly higher in DT, DI, and DR than in WT, in DI than in WI, and in DR than in WR on days 0 and 5 after rewatering. Therefore, drought stress increased the rhizosphere SOC contents, and their lag effect continued until the rewatering period. On day 10 after rewatering, the rhizosphere SOC contents were significantly higher in DI and DR than in WT, WI, and WR, but similar SOC contents were observed between DT and WT. These results showed that rewatering corn used rhizosphere SOC. However, rewatering corn with S2_8_1 inoculation relatively maintained SOC stability.




Discussion


Coexistence of S2_8_1 and corn

In the present study, a stable coexisting relationship was found between corn and S2_8_1 in DI. Based on the copy number of S2_8_1 in rhizosphere soil, the inoculation of S2_8_1 in DI during wetness caused some of it to colonize in rhizosphere soil. Then drought stress decreased the abundance of S2_8_1 in rhizosphere soil, but rewatering greatly increased its abundance. In addition, S2_8_1 increased corn growth during the continued growth periods of wetness, drought stress, and rewatering.

Soil AOB comprise autotrophic, heterotrophic, and mixotrophic AOB (Taylor et al., 2009; Kouki et al., 2011; Matsuno et al., 2013). The present study isolated and screened the AOB strain S2_8_1, which belongs to Ensifer and has mixotrophic characteristics, but is inclined to be heterotrophic. Preece et al. (2018) and Gargallo-Garriga et al. (2018) reported that growing heterotrophic AOB use organic substances as the substrate. Carbon is the chief element of organic compounds, and SOC may represent the amount of organic compounds in the soil (Zhao et al., 2021). High rhizosphere SOC in DI and DR caused the increase in S2_8_1 abundance compared with WI and WR during the rewatering period, respectively. On day 10 after rewatering, more S2_8_1 were observed in DR compared with those in DI. The explanation for this was that given its S2_8_1 content being 216090 cfu·ml−1, the 200 ml of inoculation solution had a large number of S2_8_1. Therefore, under the condition of considerable rhizosphere organic substances caused by drought stress, more S2_8_1 easily colonized the rhizosphere micro-environment in DR compared with DI during the rewatering period. This finding further shows that rhizosphere soil organic matter was the key factor promoting S2_8_1 to colonize in the rhizosphere micro-environment.

Carbon compounds, namely, carbohydrates, organic acids, and alcohol, are secreted by plant roots into the rhizosphere soil under drought stress (Karlowsky et al., 2018; Calvo et al., 2019; De Vries et al., 2020). In the present study, the high SOC content in rhizosphere soil in DI, DR, and DT during the rewatering period was mainly because drought stress stimulated the release of a number of carbon compounds into rhizosphere soil and exerted a lag effect. As a result, rewatering increased the abundance of S2_8_1 in the rhizosphere soil in DI and DR. On the contrary, during the wet period, the relatively low rhizosphere SOC caused less colonization by the S2_8_1 strains compared with the rewatering period. Because the copy number of S2_8_1 of rhizosphere soil in DI was 2.3 times higher at the end of the rewatering period than that at the end of the wet period. During the drought stress period, although a high rhizosphere SOC was observed in the treatments of DI, the lack of water decreased the abundance of S2_8_1 compared with the rewatering period.

The S2_8_1 in the DI and DR during the rewatering period increased corn growth because on day 10 after rewatering, the total biomass of DI equaled that of WI, and it increased by 11% than in DR than in WR. As a result, compensatory and over-compensatory growths occurred in DI and DR, respectively. Compensatory and over-compensatory growths in DI and DR caused water use to increase greatly, as shown by the water use efficiencies which were 2.04 and 3.16 times higher in DI and DR than in WT, respectively, throughout the drought stress and rewatering periods. The high number of S2_8_1 in the rhizosphere soil increased the total biomass and water use efficiency in the DR by 1.43 and 1.56 times compared with those in DI on day 10 after rewatering, respectively, which further demonstrated the role of S2_8_1 in corn rewatering growth and water use. High total biomass in DI compared with DT during wet and drought stress periods showed that the presence of S2_8_1 increased corn growth in these periods.



Root–shoot signaling of cytokinins

The present results revealed that the coexistence of S2_8_1 with corn in DI continuously increased the amount of root cytokinin delivered to leaves, thus improving corn rewatering growth and water use.

S2_8_1 caused the high rhizosphere soil nitrification rates in DI compared with DT or WT during rewatering because AOB are the main bacteria involved in soil nitrification. High rhizosphere soil nitrification rate caused the continuous release of more [image: image] from the soil during the rewatering period, increasing the stimulation by [image: image] in the roots. Soil [image: image] can stimulate roots to synthesize cytokinins in various plants (Landrein et al., 2018; Poitout et al., 2018). As a result, more root cytokinins are synthesized and continuously delivered to increase the leaf cytokinin content in the DI. Cytokinins synthesized in the roots can be transmitted to the leaves by means of the xylem sap (Zaicovski et al., 2008; Wang et al., 2016). RZR indicates the delivery speed of cytokinins from roots to leaves in the darkness. The high RZR in DI compared with DT and WT during the rewatering period demonstrated the additional cytokinins being synthesized and delivered to the leaves in darkness. The cytokinin delivery rate to the leaves in the presence of sunlight was the product of Tr and CZR, and transpiration drove the sap to transmit from roots to leaves under this condition. More cytokinins were synthesized and delivered to the leaves in DI compared with DT and WT in sunlight during the rewatering period. Similar CZR but high Tr were present in DI compared with DT and WT during the rewatering period.

Similarly, the higher number of S2_8_1 in DI compared with WI and in DR compared with WR, WT, and DT all caused the high rhizosphere soil nitrification rate, increased synthesis of root cytokinin and delivery to leaves, and rapid corn growth during the rewatering period. Wang et al. (2020a) reported a higher rhizosphere soil nitrification rate in corns after post-drought rewatering compared with wet corns. It was likewise that rewatering increased the rhizosphere soil nitrification rates of DT compared with WT in the present study. This condition caused more cytokinins to be delivered in DT compared with WT during the rewatering period, increasing the leaf cytokinin content and corn growth. Thus, compensatory growth and high water use efficiency occurred in DT compared with WT.

The similar copy numbers of S2_8_1 in WT and DT contributed less to the result of high rhizosphere soil nitrification rate in DT compared with WT during the rewatering period. Because no inoculation caused the low number of S2_8_1 in the rhizosphere soil of WT and DT; thus, it was hard to detect accurately. The potential role of heterotrophic AOB on the rhizosphere soil of post-drought rewatering crops required further investigation in the future.

The high leaf cytokinin content in DI during rewatering was beneficial for the increase in leaf Pn compared with DT, WI, and WT. Cytokinin plays a promotional role in photosynthesis (Kobayashi et al., 2012; De Moura et al., 2017). The occurrence of high Pn in DI compared with DT during rewatering led to compensatory growth as corn growth after rewatering was mainly involved in the fast photosynthetic organic matter accumulation. Similarly, given the high leaf Pn caused by cytokinin, compensatory and over-compensatory growths occurred in DT and DR, respectively.

In the study of Takei et al. (2001) on maize seedlings, cytokinins played essential roles in the plant response to nitrate, where they acted as secondary messengers in plants. Wang et al. (2020b) observed that root-originated cytokinins induced by the continued addition of [image: image] caused the compensatory growth of post-drought rewatering due to its short duration in soil. The continuous delivery of cytokinins from roots to leaves is significant in corn compensatory growth, and the repeated addition of [image: image] is an effective method to achieve this goal. However, the present study revealed that the coexistence of S2_8_1 with corn increased its compensatory growth in post-drought rewatering by inducing root cytokinin delivery to the leaves continuously.

The low increase effect of S2_8_1 on corn growth was observed in DI compared with DR. However, S2_8_1 coexistence with corn in DI showed significance for the feasibility of the technique when using soil heterotrophic AOB strains, which were isolated from soil similar to the present study in crop water use. Rainwater is the water source of crops in dry farming; most rainfall entering into soils is a process of post-drought rewatering (Barker, 2017; Preethi et al., 2020). However, the uncertainty of rainfall causes the difficult inoculation of soil heterotrophic AOB strains with crops of drying farms before raining. Similar to S2_8_1, the inoculation of soil heterotrophic AOB after emergence would cause coexistence with the crop, which would increase rainfall use in a timely manner. Similarly, most crop irrigation is also a process of post-drought rewatering. The irrigation is usually accompanied by nitrogen fertilizer application to increase the crop water use efficiency (Tao et al., 2021; Zain et al., 2021). The coexistence of soil heterotrophic AOB with crops can increase the timely irrigation water use, which plays a potential role in replacing nitrogen fertilizer. For the application of our findings in the present study, field experiments should further be carried out based on our experimental results.




Conclusion

The inoculation of S2_8_1 during wetness caused it to colonize the rhizosphere soil. Drought stress decreased its abundance, but rewatering greatly increased its abundance in rhizosphere soil. The S2_8_1 in rhizosphere soil during rewatering increased the soil nitrification rates, which played an important role in cytokinin synthesis in the roots and its delivery to the leaves. As a result, the cytokinin concentration in the leaves increased. The increase in corn leaf cytokinin caused by rewatering increased the photosynthetic rate, resulting in over-compensatory growth after post-drought rewatering and high water use efficiency. Thus, the coexistence of AOB strains with corn in rhizosphere soil increased corn compensatory growth by regulating soil nitrification and root-induced leaf cytokinin. Our findings are beneficial for developing strategies to increase crop water use.
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Damage by herbivores can induce various defensive responses. Induced resistance comprises traits that can reduced the damage, while compensatory responses reduce the negative effects of damage on plant fitness. Timing of damage may be essential in determining the patterns of induced defenses. Here, we tested how timing and frequency of leaf damage affect compensatory responses in wild lima bean plants in terms of growth and seed output, as well as their effects on induced resistance to seed beetles. To this end, we applied mechanical damage to plants at different ontogenetical stages, at one time point (juvenile stage only) or two time points (seedling and juvenile stage or juvenile and reproductive stage). We found that plants damaged at the seedling/juvenile stage showed higher compensatory growth, and seed output compared to plants damaged only at the juvenile stage or juvenile/reproductive stage. Seeds from plants damaged at the juvenile and juvenile/reproductive stages had fewer beetles than seeds from undamaged plants, however this was driven by a density dependent effect of seed abundance rather than a direct effect of damage treatments. We did not find differences in parasitism rate by parasitoid wasps on seed beetles among plant treatments. Our results show that damage at the seedling stage triggers compensatory responses which implies that tolerance to herbivory is enhanced or primed by early damage. Herbivory often occurs at several time points throughout plant development and this study illustrates that, for a full understanding of the factors associated with plant induced responses in a dynamic biotic environment, it is important to determine the multitrophic consequences of damage at more than one ontogenetical stage.




Keywords: multitrophic interactions, ontogeny, tolerance, defense induction, defense priming, timing of herbivory, seed interactions



Introduction

The nature and magnitude of plant induced responses depend on several factors, such as the type, frequency and timing of damage and herbivore identity (Karban, 2011; Schuman and Baldwin, 2016). Herbivore damage can occur at several times throughout a plant’s life, during the same ontogenetical stage or at different stages. However, it is still not fully understood how the timing and frequency of herbivore damage affect the plant’s induced defense responses. Induced plant responses to damage comprise plastic traits that help plants increasing their fitness in the presence of natural enemies (Karban and Baldwin, 1997; Baldwin and Preston, 1999). Such responses can be classified as two different strategies, induced resistance and tolerance. Induced resistance includes inducible traits that protect plants from future attacks (Karban, 2011), such as direct defenses, both chemical (e.g. secondary metabolites) and physical (trichomes) defenses, and indirect defenses (volatile compounds and extrafloral nectar), that aid in the recruitment of natural enemies of herbivores (Gatehouse, 2002; Heil and Baldwin, 2002; Turlings and Erb, 2018).

Tolerance to herbivory refers to the plant's response after herbivory to reduce the negative effects of damage on fitness (Strauss and Agrawal, 1999; Núñez-Farfán et al., 2007) and it is the result of compensatory responses which can often be measured as compensatory growth and/or seed production (the ability of a plant to increase its biomass or reproduction after suffering damage). As tolerance involves changes in resource allocation that occur as a response to damage, it is also considered an induced defense (Karban and Myers, 1989). Because resistance and tolerance can be induced by herbivore damage, the time at which damage occurs determines the expression of both strategies. Yet it is still unclear the extent to which the timing of multiple damage events influences the expression of each strategy.

Plants present ontogenetic trajectories consisting of changes in the production and investment of defenses that occur across the developmental stages of the plant (Boege and Marquis, 2005; Barton and Boege, 2017). They are influenced by abiotic factors, type of defense, and/or amount and timing of herbivory. For example, in Casearia nitida it was shown that plants damaged at the sapling or reproductive stage compensate for defoliation by growing more new leaves than undamaged plants (Boege, 2005). However, this response varied with the amount of defoliation, since saplings compensated better than reproductive plants at high defoliation levels. The interactions between plants and a dynamic community of antagonists (herbivores) and mutualists (pollinators and natural enemies of herbivores) will be fundamental in shaping the ontogenetical patterns of defensive strategies. In this context, plants can use different strategies depending on the stage at which they interact with other species (Barton and Boege, 2017). For example, plants that suffer a single damage event would favor investment in compensatory responses, while plants that experience repeated damage could favor a higher investment in induced resistance (Karban et al., 1999). Ontogenetic trajectories for tolerance can also be species-specific. Barton (2013) found that tolerance mechanisms were different between two Plantago species depending on their ontogeny. While tolerance in P. lanceolata was associated with flowering and shoot biomass in plants damaged at a mature stage, in P. major it was associated more with biomass and photosynthetic parameters when damaged at seedling and juveniles stages, respectively. Finally, plant resistance and tolerance may have different trajectories. This could also indicate trade-offs between both strategies if the expression of one strategy over the other switches according to the ontogenetical stage. For example, it has been shown that in Raphanus sativus juvenile plants show higher resistance but less tolerance than reproductive plants (Boege et al., 2007), but in Arabidopsis thaliana the cost of tolerance at different stages was not associated with a trade-off with resistance (Kornelsen and Avila-Sakar, 2015).

Plant resistance and tolerance responses to herbivore damage can cascade to other interactions that occur later during the plant’s life. Rusman et al. (2020) studied the interaction between the timing of herbivore damage on flower traits and the pollinator community in Brasica nigra. They found that plants attacked at vegetative stages by some herbivore species had lower number of flowers, fewer flower visitations by pollinators and lower seed output than control undamaged plants, while damage at the budding stage had positive effects on flower visitation. Similarly, previous work with wild lima bean, showed that damage by leaf beetles reduced subsequent attack by seed beetles at a later stage of the plant’s life (Abdala-Roberts et al., 2016; Hernández-Cumplido et al., 2016; Bustos-Segura et al., 2020). However, this type of induction depends on herbivore species and on the plant’s stage when the first damage occurs (in leaves or bean pods) (Hernández-Cumplido et al., 2016). In another study, Cuny et al. (2018) found that when lima bean plants were exposed to a single herbivory event by leaf caterpillars, plants produced more leaves compared to undamaged plants, indicating leaf overcompensation. The results from the studies above provide strong evidence that induced responses in wild lima bean are dependent on several biotic factors, however the extent to which the frequency and time of damage influence these responses has not been tested. Particularly, it remains unknown whether early leaf damage events can modify or even improve tolerance to herbivory or affect seed quality and preferences of seed feeders and their predators or parasitoids. Analyses of ontogenetic interactions, could provide insights into how ontogenetical trajectories influence defense induction for future interactions in a multitrophic context.

Here we used wild lima bean to test the effects of frequency of damage and damage at different ontogenetic stages on compensatory responses and subsequent interactions with seed insects. To represent better the frequency and timing of herbivory as it occurs in the wild, we applied mechanical damage at two time points representing early damage (at seedling + juvenile stages) or late damage (at the juvenile + reproductive stages). In addition, to analyze the influence of one vs. two damage events at different ontogenetical stages on tolerance and induced resistance, another group of plants was damaged only at the juvenile stage. This design allowed us to test differences in timing (seedling vs. reproductive) and the synergistic effects of different events of damage (one vs two events of damage) that comprise the span of the plant’s development. Once seeds were matured, we examined the effects of leaf damage on seed infestation by exposing seeds to natural populations of seed beetles and their parasitoids. We addressed the following questions: 1) How does the timing and frequency of leaf damage influence plant growth and reproductive output? 2) How does timing and frequency of leaf damage alter the subsequent interactions between seeds and their associated insects? In addition, because we expected that a damage event early in the plant’s life could determine the investment in tolerance to damage at future stages, we tested the hypothesis that damage at the seedling stage will enhance plant tolerance, compared to damage at the juvenile stage or repeated damage at the juvenile and adult stages.



Material and methods


Study system

Wild lima bean (Phaseolus lunatus) is distributed along the Pacific coast from Mexico to South America (Freytag and Debouck, 2002). In the south pacific Mexican coast this annual legume germinates in June–July, produces flowers in October–November and seeds in December–January (Heil and Silva Bueno, 2007; Moreira et al., 2015; Hernández-Cumplido et al., 2016). During the growing stage, lima bean plants are attacked by a number of leaf-chewing insects, including the velvet armyworm Spodoptera latifascia, Lepidoptera: Noctuidae (Cuny et al., 2018). This polyphagous caterpillar attacks several crops including maize, beans, tomato and chili pepper (Habib et al., 1982; Chabaane et al., 2022). During seed production, which lasts around two months, seed beetle species such as Zabrotes subfasciatus (Coleoptera: Chrysomelidae) and Acanthoscelides obtectus (Coleoptera: Chrysomelidae) enter dry pods and lay eggs on lima bean seeds, the larvae develop and pupate inside the seed (Benrey et al., 1998; Alvarez et al., 2005; Šešlija et al., 2009). They are both considered insect pests that also attack other species of stored cultivated beans (Birch et al., 1985; Paul et al., 2009). Both species are parasitized by several solitary parasitoid species, among them, the ectoparasitoid Stenocorse bruchivora (Aebi et al., 2008; Moreira et al., 2015; Hernández-Cumplido et al., 2016).



Plants

To explore the effects of timing of herbivory on plant responses, we conducted an experiment at the field station of the Universidad del Mar, Campus Puerto Escondido during the field season 2019-2020. We planted three seeds of wild lima bean in each of 80 pots (5 l volume) by November 15th, 2019. Seeds were collected in the same site the year before. After germination, we thinned the seedlings to leave only one per pot. Pots were kept in a large tent (Lumite® 3.66 m × 1.83 m × 1.83 m, Bioquip, CA, USA) to avoid unwanted insects attacking the plants. After two weeks of germination, we selected 64 seedlings (with only one trifolia developed) and distributed them randomly in 16 mesh tents (four plants per tent; Lumite® 1.83 m × 1.83 m × 1.83 m, Bioquip, CA, USA). Then, we applied damage treatments on these plants with the objective of studying induced plant responses to damage produced at different times throughout plant development, at seedling, juvenile or reproductive stage.



Experimental procedure

Four treatments were randomly assigned to the four plants in each of the 16 tents. The treatments to one plant per tent were as follows: C: control plants with no artificial damage. S-J: Plants damaged at the seedling and juvenile stages (at two and six weeks after germination). J: Plants damaged only at the juvenile stage (at six weeks after germination). J-R: plants damaged at the juvenile and reproductive stages (at six and ten weeks after germination; see Figure 1). So that all tents contained one plant of each treatment. For each damaged plant, we cut half of each leaflet with scissors. In addition, we also removed the apical meristem of growing tendrils. This was based on the damage that common herbivores, such as Spodoptera latifascia, produce on wild plants, as they would readily eat both the meristems and leaves (Bustos-Segura, personal observation).




Figure 1 | Schematic representation of the experimental design. Damage treatments on lima bean plants consisted of artificial damage on leaves at two different ontogenetical stages (S-J and J-R) or at one (J).





Plant measurements and collection of seed insects

We counted the number of leaves and branches per plant three times throughout plant development (5, 9 and 14 weeks after germination). As the mesh tent was not 100% effective at keeping out naturally occurring insect, we observed some damage on the plants (mainly by Spodoptera spp. and Diabrotica baleata). Thus, throughout the experiment we recorded the proportion of damaged leaves. We also recorded the date when each plant produced the first flower to calculate the time to flowering (days from germination to the production of the first flower).

When pods were mature, they were removed from the experimental plants and placed inside a single green mesh bag per plant, next to each plant following the methods from Bustos-Segura et al. (2020). This mesh was wide enough to allow the entrance of seed beetles and their parasitoids, but small enough to hold seeds inside the bags. Twelve weeks after germination, when most of the seeds were collected in mesh bags, the tent was removed to allow natural infestation by seed insects (including seed beetles and their parasitoids). After two weeks of exposure, the seeds were placed in plastic bags for two weeks to allow the emergence of insects developing inside the seeds. Then seeds were placed in a freezer at -20°C for one day. Insects found in each bag were counted and identified. We also counted the number of seeds and weighed 10 healthy seeds per plant.



Statistical methods

All analyses were performed with R system (version 4.2.0; R Core Team, 2022). We used generalized linear mixed models (GLMM) to analyze differences among damage treatments on plant and insect variables using package lme4 (Bates et al., 2015). For all models we included damage treatment as a fixed effect and tent as a random effect. For the number of leaves and natural damage we included time point of measurement and the interaction with treatment as another fixed effect, and plant ID as a random effect. For analyzing number of leaves, number of branches, number of seeds, and number of insects, a Poisson error distribution was used. For analyzing the number of seed insects we included the number of seeds (log-transformed) as a covariate to account for the density-dependent relationship between insects and seeds. As seed beetles are attacked by solitary parasitoids, the number of total seed insects (beetles plus parasitoids) indicates the initial infestation by seed beetles. Whenever the dispersion ration of Poisson models was higher than 2, we included an observation level factor as a random factor to control for overdispersion. For comparing natural damage among treatments we used a binomial error distribution (as the proportion of damage leaflets). Time to first flowering was analyzed with a Cox proportional hazards mixed model, with package coxme. Seed mass in seeds was analyzed with a normal error distribution. Differences in parasitism rate among treatments were analyzed with a GLMM and a binomial distribution. We performed a structural equation model (SEM) for testing the causal pathway among Treatment groups, number of trifolia (at the last measurement), number of seeds and number of insects. Parasitism rate was not included in the SEM, given it could only be estimated for 30 plants. We used the piecewiseSEM package in R system that allows to include GLMs and mixed models in a SEM (Lefcheck, 2016).




Results

Overall, there was a significant effect of damage treatment on the number of trifolia across the season ( =10.63; P=0.014, Figure 2A), with only plants from the J treatment having significantly fewer leaves than control plants (Table S1). The effect sizes of the different contrasts ranged in the lower values (Cohen’s d from -0.04 to 0.11, Table S1). Time significantly explained the change in number of trifolia ( =2452; P<0.0001), meanwhile, the interaction between treatment and time was not statistically significant ( =3.15; P=0.79).The number of branches increased with time ( =170; P<0.0001; Figure S1A), but damage treatment and its interaction with time had a non-significant effect ( =6.26; P=0.1;   =1.72; P=0.94, respectively). Despite the plants being inside tents, some insects entered and caused damage. For this minor but uncontrolled damage, there were differences across time ( =1115; P<0.0001), with higher damage at the beginning of the season (Figure 2B), but treatment as a main factor did not explain much of the variation ( =5.72; P=0.13). There was however, an effect of the interaction between treatment and time ( =29.38; P<0.0001), where in the middle of the season undamaged control plants received more natural damage than mechanically damaged plants (regardless of the timing of damage).This effect was small compared to the treatment damage and was not detected at the beginning, nor at the end of the season (Figure 2B).




Figure 2 | Effects of timing and frequency of damage on lima bean leaves. (A) number of leaves, (B) proportion of leaflets with uncontrolled natural herbivory. Treatment groups were: mechanically undamaged control plants (C); plants damaged at the seedling and juvenile stage (S-J), only at the juvenile stage or at the juvenile stage and reproductive stage (J-R). Different letters indicate significant differences among damage treatments within the same time point. ns indicate non-significant difference among damage treatments.



The time from germination to first flowering was affected by the damage treatment ( =7.81; P=0.05). Plants from damage treatments S-J showed the longest time to production of the first flower and control plants the shortest time (Figure S1B). However, a multiple comparison posthoc test did not reveal specific differences between treatment pairs.

Fifty-two plants out of 64 produced seeds, but this was not influenced by the damage treatment ( =1.17; P=0.76). There was a significant effect of damage treatment on seed production ( =217; P<0.0001; Figure 3A). Control plants produced the most seeds, followed by plants damaged at the seedling stage (S-J), and then J and J-R plants. J and J-R plants produced similar number of seeds (Table S1). The effect sizes for comparisons between controls and damage treatments were relatively high (Table S1), while the effect sizes among damage treatments were lower (Table S1). Seed mass was not significantly different among treatments ( =5.55; P=0.14).




Figure 3 | Effects of timing and frequency of damage on seed production and interactions with seed insects. (A) number of seeds as a measure of reproductive output and (B) number of seed insects per 100 seeds per plant. The number of insects includes seed beetles and parasitoids, thus indicating the initial infestation by seed beetles. Treatment groups were: mechanically undamaged control plants (C); plants damaged at the seedling and juvenile stage (S-J), only at the juvenile stage or at the juvenile stage and reproductive stage (J-R). Different letters indicate significant differences among damage treatments.



The total number of beetles and parasitoids collected was 87 and 21, respectively. Beetles emerging from the seeds were mostly of the species Acanthoscelides obtectus, with Zabrotes subfasciatus only present in two plants, so both species were pooled for analyses. We found that damage treatment had an effect on the abundance of seed beetles ( =22.83; P<0.0001; Figure 3B). The number of seed insects in seeds from control plants was not significantly different from plants from the S-J treatment (Tukey’s post-hoc test: P=0.27), but was higher than in J and J-R treatment (Tukey’s post-hoc test: P=0.003 and P<0.001, respectively). When the number of seeds per plant was used as a covariate to explain insect abundance, its effect was highly significant ( =25.41; P<0.0001), but the effect of damage treatment was no longer important ( =0.79; P=0.85), with more insects emerging from plants that produced more seeds. The parasitism rate on beetles was in average 0.122 ± 0.038 and was not different among damage treatments ( =0.62; P=0.89). The structural equation model confirmed the association among variables and showed an association between number of leaves and number of seeds (Figure 4). Damage treatment affected the number of trifolia, however this path does not show an influence on number of seeds. Thus, the effect of treatment on number of seeds was independent from the number of trifolia. There is an indirect effect of treatment on number of seed beetles, mediated by number of seeds, with no direct effect of treatment on number of beetles.




Figure 4 | Diagram of the structural equation model including pathways between measured variables. Solid arrows indicate statistically significant positive pathways and dashed arrows indicate no significant pathways. The differences between treatments are given next to pathways from the Damage treatment variable and different letters indicate significant differences between groups according to a Tukey’s post-hoc test. R square values given for each individual endogenous variables are conditional r squares (excluding random effects). All pathways were analyzed with GLMs and a Poisson error distribution. The estimates are given in the log scale. Model goodness-of-fit: Fisher’s C=0.25, P=0.88.





Discussion

The ability of a plant to recover from herbivore damage is crucial for its success in a natural environment. Plant ontogeny is known to play an important role in determining the compensation and defense responses against herbivory. While most studies on the effects of plant ontogeny on induced responses focus on isolated developmental stages, in nature, herbivores can attack throughout plant development at different points in time. Here we aimed to study the consequences of herbivory occurring at more than one ontogenetic stage with repeated or single damage events, on plant compensatory responses. This approach can give us information about the influence of early damage on the responses to subsequent damage events. We found that early damage (at the seedling and juvenile stages) results in better compensatory growth and seed output than late damage (at the juvenile stage alone, or together with damage at the reproductive stage). But early and repeated damage is still positive in terms of leaf and seed production when compared to a single damage event occurring at the juvenile stage. This indicates that damage at the seedling stage can enhance plant tolerance to future damage. Conversely, we did not find evidence that leaf damage induced defenses on seeds against attack by seed beetles. Infestation by beetles in seeds of damaged plants was not so different from infestation in seeds from undamaged control plants, regardless of the timing and number of damage events.

Plants damaged at the seedling stage compensated by producing more leaves than plants from the other damage treatments, while maintaining a similar leaf production compared to control plants. This suggests that early damage stimulated growth to compensate for the loss of photosynthetic area, as compared to plants damaged at later stages. A larger photosynthetic area as compared to plants damaged later in their development could provide enough resources to produce more seeds (Tiffin, 2000; Wise and Abrahamson, 2005). However, the SEM in the present study showed no association between number of trifolia and seed set, but a direct effect of damage treatment on the number of leaves, which indicates a change in resource allocation. A plausible explanation may be that when the apical meristem of seedlings was cut, it stimulated branching and this increased leaf and flower production (Tiffin, 2000). Interestingly, the number of branches was not affected by early damage, so that compensation was only for leaf production with no evidence of change in plant morphology in response to early herbivory. A meta-analysis on defense ontogeny (Barton and Koricheva, 2010) showed that tolerance does not generally change with ontogenetic stage. This could be an indicator that the ontogenetic patterns in tolerance are not consistent and depend on the plant system. If tolerance is an adaptation to the specific community and its interactions, then it could be expected that each plant species evolves compensatory responses well suited for their biotic environment (Pearse et al., 2017). However, this meta-analysis did not include studies that analyze tolerance to seedling damage. As seedlings have limited resources available from photosynthetic area or root reserves, they are expected to invest more in growth than in resistance strategies (Barton and Boege, 2017). Damage at the seedling stage can be particularly relevant, given the lack of resources in this early developmental stage (Barton and Hanley, 2013; Quintero and Bowers, 2013), any stressor could drastically alter resource allocation with consequences for the whole plant development. Thus, interactions at the seedling stage deserve more attention in studies of tolerance ontogeny.

Induced responses to damage can also be influenced by the plant’s exposure to previous events. For example, plants can be primed with stimuli such as egg oviposition, early herbivore damage or volatiles from damaged neighbors that prepare them for future attacks and increase the induction of defenses (Conrath et al., 2006; Heil and Kost, 2006; Hilker et al., 2016; Martinez-Medina et al., 2016). However, priming effects are not commonly linked to the responses in different ontogenetical stages. It is possible that when a stimulus occurs in an early ontogenetic stage of the plant, it could prime it to induce responses for later damage events. Thus, priming and ontogenetic trajectories can be linked by these early damage events. Yet, very few studies have examined the effect of an initial herbivory event at early ontogenetic stages on future plant compensatory responses. In wild radish, mechanical damage at the juvenile stage reduced seed output, while damage at a reproductive stage did not (Boege et al., 2007). However, when both types of damage were applied, seed output was similar to that in plants with only juvenile damage. As the specific physiological changes that take place to induce compensation need an external stimulus, it is possible that an early stimulus such as seedling damage, could prime the plant’s compensatory responses to future herbivory. While priming for future attacks is a phenomenon expected to occur in most plant species, it has been mainly tested for resistance and not for tolerance traits (Conrath et al., 2006; Hilker et al., 2016). In our study we show that seed output was higher for plants damaged as seedlings after repeated damage at the juvenile stage compared to plants damaged at only the juvenile stage or at the juvenile and reproductive stage, indicating that plants damaged at the seedling stage tolerated damage better than plants damaged at later stages. This, supports the existence of priming for tolerance in lima bean. Importantly, this is not an effect of only repeated damage, since plants damaged at the juvenile and reproductive stage did not compensate better than plants with one damage event at the juvenile stage. Alternatively, it is possible that damage at the seedling stage alters the plant’s resource allocation with an increased investment on growth and seed output, regardless of future damage.

Other types of priming stimuli for tolerance that are independent of damage such as application of oral secretion from herbivores or exposure to plant volatiles, can be tested. Induction of enhanced growth by volatiles has been shown for some plant species, including Arabidopsis thaliana (Shimola and Bidart, 2019), Brassica sp. (Pashalidou et al., 2020), lima bean (Freundlich et al., 2021) and Medicago trunculata (Maurya et al., 2022). In Brassica, volatiles emitted by plants infested with eggs of Pieris brassicae induce a higher reproductive output in undamaged exposed plants than in plants not exposed to volatiles. But when exposed plants were damaged by P. brassicae caterpillars, the reproductive output was similar to that of damaged plants not exposed to plant volatiles (Pashalidou et al., 2020). Thus, in this case tolerance to herbivory was not affected by exposure to eggs-infested plant volatiles. Tolerance can increase plant fitness in environments where herbivory is intense (Fornoni, 2011). Since it allows plants to reproduce despite herbivore damage, it is especially useful when herbivores are adapted to resistance traits (Best et al., 2008; Fornoni, 2011). Thus, compensatory responses associated with tolerance to herbivory play an important role in the establishment and maintenance of plant individuals and populations in communities with intense antagonistic interactions. Future studies should examine with more detail different tolerance priming stimuli and their outcome at varying herbivore pressure.

Induced resistance to herbivory at different ontogenetic stages is also an important component of plant defense. Here, our results show that plants damaged at the juvenile and reproductive stages had fewer seed insects than control plants, while plants damaged at the seedling stage had intermediate numbers of seed insects. However, this was driven by a density dependent effect of the number of seeds, with more seed insects present in plants with more seeds. Therefore, we did not detect an induction of seed defenses, which may suggest that this mechanism can vary with environmental conditions and the type of damage. This result could be also influenced by the nature of the damage (herbivores vs. mechanical damage). Induction of plant defenses have been shown to be influenced by direct cues from herbivores such as elicitors or microbes (Shikano et al., 2017), but also the type and amount of damage may play a role. For example, a single mechanical damage event did not induce herbivore associated plant volatiles in lima bean plants, but continuous mechanical damage can replicate the whole spectrum of volatiles as compared to plants damaged by herbivores (Mithöfer et al., 2005). Thus, it seems likely that the mechanical damage used in our study was not enough to induce defenses in the seeds as has been shown in studies using damage by herbivores in lima bean (Hernández-Cumplido et al., 2016; Bustos-Segura et al., 2020). Mechanical damage allowed us to control for the amount of damage among plants and between different time points which would not have been possible with herbivores in field conditions. Moreover, the amount of damage is particularly important for analyzing tolerance to herbivory (Muola et al., 2010). Previous studies on indirect defenses, plant volatiles (Heil and Silva Bueno, 2007) and extrafloral nectar (Blue et al., 2015), and on plant-plant communication (Moreira et al., 2016) have shown that mechanical damage induces plant responses in lima bean. However, the difference between the effects of mechanical and natural damage on lima bean seed defenses and tolerance has not been examined.

In synthesis, we provide evidence for the role of ontogeny in plant resource allocation which results in differential growth compensation and tolerance. We also show that frequency together with timing of damage will affect these responses, as early damage influenced the plant’s tolerance to future damage. Given that in nature, interactions with herbivores occur throughout the plant’s life, we emphasize the importance of analyzing the consequences of plant herbivory at multiple ontogenetic stages. Such an approach will increase our understanding of the factors associated with plant adaptations to a dynamic biotic environment.
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Grasslands are structurally and functionally controlled by water availability. Ongoing global change is threatening the sustainability of grassland ecosystems through chronic alterations in climate patterns and resource availability, as well as by the increasing frequency and intensity of anthropogenic perturbations. Compared with many studies on how grassland ecosystems respond during drought, there are far fewer studies focused on grassland dynamics after drought. Compensatory growth, as the ability of plants to offset the adverse effects of environmental or anthropogenic perturbations, is a common phenomenon in grassland. However, compensatory growth induced by drought and its underlying mechanism across grasslands remains not clear. In this review, we provide examples of analogous compensatory growth from different grassland types across drought characteristics (intensity, timing, and duration) and explain the effect of resource availability on compensatory growth and their underlying mechanisms. Based on our review of the literature, a hypothetic framework for integrating plant, root, and microbial responses is also proposed to increase our understanding of compensatory growth after drought. This research will advance our understanding of the mechanisms of grassland ecosystem functioning in response to climate change.
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Introduction

Grasslands, as one of the world’s most widespread vegetation types, cover approximately 30% of the Earth’s land surface (Parton et al., 2012) and 69% of agricultural land area (Dixon et al., 2014), respectively. Grasslands not only serve as an important global reservoir of food production (Schirpke et al., 2019), but also play a critical role in the global carbon and water cycle, as well as plant-soil feedback to climate change (Bowman et al., 2015; Putten et al., 2016; Pugnaire et al., 2019). Grassland growth and productivity are largely regulated by temperature and soil water content, particularly the amount and timing of precipitation events (Knapp and Smith, 2001; Knapp et al., 2002; Huxman et al., 2004; Hufkens et al., 2016). In recent decades, ongoing global changes in temperature and precipitation have significantly increased the frequency, severity, and duration of drought events (Dai, 2012; IPCC, 2013; Trenberth et al., 2014; Cook et al., 2015), which also projected to continue to increase in the near future (Vicente-Serrano et al., 2020). The alterations in water availability before or during the growing season are weakening the stability and functionality of grassland ecosystems around the world, particularly in arid and semi-arid regions (Macdougall et al., 2013; Song and Yu, 2015). Because drought events could directly or indirectly affect plant community structure (Knapp et al., 2008; Cherwin and Knapp, 2012; Carlyle et al., 2014; Tielborger et al., 2014), threaten grassland productivity (Knapp and Smith, 2001; Volaire et al., 2014; Frank et al., 2015) and even cause grassland degradation (Breshears et al., 2005), and then alter carbon and nitrogen dynamics (Mackie et al., 2019). Naturally, to deal with the negative impacts of drought on grasslands functions and services, it is urgent to understand how grasslands respond to drought.

Many studies on grassland responses during drought have been well synthesized in both reviews (Grman et al., 2010; Niu et al., 2014; Hoover et al., 2018) and meta-analyses (Matos et al., 2019; Deng et al., 2021), which have considerably improved our understandings of the impacts of drought on grassland biotic and abiotic processes. For example, the mean effect of drought on aboveground net primary production (ANPP) is demonstrated to be negative (Hoover et al., 2014; Niboyet et al., 2017; Li et al., 2022). Droughts have legacy effects on bacterial and fungal community composition, which could, in turn, influence plant growth and ecosystem through plant-soil feedback (De Vries et al., 2012b; Kaisermann et al., 2017; Griffin-Nolan et al., 2018). Except for the ability of grasslands to resist drought (e.g., resistance), the recovery ability of grasslands after drought (e.g., resilience) is another important entry point for clarifying the responses of grasslands to drought (Vogel et al., 2012; Mori et al., 2013; Hoover et al., 2014; Oliver et al., 2015; Xu et al., 2021). However, the recovery ability of grasslands to different drought characteristics (e.g., timing, intensity, and duration) and climate contexts were rarely studied (Vilonen et al., 2022). Besides, our knowledge of grassland drought response is incomplete without understanding the responses after drought and to what extent grasslands can recover. Therefore, understanding the change patterns in the structure and function of grassland ecosystems during the period of after drought and exploring their underlying mechanisms, are crucial for forecasting grassland ecosystem function and dynamics under climate change.

Compensatory growth (CG), defined as the accelerated growth response of plants to damage (Belsky, 1986), which is implied the ability of plants to offset the adverse effects of tissue damage, restore organic functionality, and maintain their original growth state after perturbations (Mcnaughton, 1983). CG has received wide acceptance as a survival strategy of organisms under stressful conditions and a fundamental mechanism for ecosystem stability (Mangel and Munch, 2005; Gonzalez and Loreau, 2009). In fact, it sometimes takes different names, like resilience, recovery, and compensatory dynamic; they all share the essential meaning that accelerated growth organism when recovering from a period of unfavorable conditions (Li et al., 2021). According to the relative strength of growth rate after disturbance compared to the undisturbed group, CG can be classified into three types: under-compensation, exact-compensation, and over-compensation (Figure 1) (Belsky, 1986; Li et al., 2021). Although the existence of CG is widely acknowledged in ecological systems but has received little attention in stress-ecological studies (Metcalfe and Monaghan, 2001; Gessler et al., 2020). In general, it is conventionally to constrain the period of CG assessment through a pre-defined post-drought period or to the status where growth returns to a historic norm (Ovenden et al., 2021). The capacities of grassland CG are different among species (Knapp et al., 2015), community components (Carlsson et al., 2017; Stampfli et al., 2018; Wilcox et al., 2020), life forms (Volaire, 2003; Nippert and Knapp, 2007), nutrient stress tolerances (Macgillivray et al., 1995; Bharath et al., 2020), interactions among soil microbes (De Vries et al., 2012a; Fry et al., 2018) and disturbance’s properties (Chen et al., 2020; Saeidnia et al., 2020; Li et al., 2022). Besides, CG could be evaluated by a variety of quantitative indicators, such as productivity, biomass, species number, coverage, and so on (Yuan et al., 2020). Recent research on the prevalence and detection of CG leaves a large gap in the knowledge of the mechanisms that affect the temporal and scale of CG (Kahl et al., 2019; Li et al., 2020; Saeidnia et al., 2020; Hossain and Li, 2021; Jiao et al., 2021; Li et al., 2021; Ovenden et al., 2021; Vilonen et al., 2022). Thus, a deeper understanding of the pattern of grassland CG and its variation is a major challenge for the emerging extreme climate events and human disturbance.




Figure 1 | Framework for describing the growth response of grassland ecosystem after drought ends. The grey and dashed line represents growth response in condition without drought, the solid line indicated possible compensatory patterns under drought. Over-compensation means the growth rate increase rapidly after the end of a drought, then exceed the response level of control treatment to some extent, and finally reach the same response level of control treatment; exact-compensation represents the growth rate return to be comparable with control treatment after drought; under-compensation I indicates that the growth rate cannot reach the same level of control treatment with slow growth rate; under-compensation II denotes the collapse of grassland ecosystem with much slower growth rate (Frank et al., 2015; Li et al., 2021; Vilonen et al., 2022).



Here we reviewed current knowledge on the CG of grasslands to drought stress. We firstly discuss differences in CG response to drought imposed by manipulated experiments or natural precipitation variations. Then, CG patterns under different drought timing, intensity, and duration were compared and discussed. Meanwhile, as plant-soil feedback plays a key role in the CG response to drought, resource availability was also addressed in the text. In the following section, we concluded the underlying mechanisms of CG in response to drought across biotic and abiotic reasons. Finally, suggestions for future research were also given to deepen our understanding of the responses during the period after drought and benefit for forecasting grassland ecosystem function and dynamics under climate change.



Compensatory growth among different grassland ecosystems

Numerous rainfall manipulation experiments have been conducted to investigate the growth responses of different grassland ecosystems after drought (Hoover et al., 2018; Matos et al., 2019). In the mesic grasslands of North America and Switzerland, ANPP can fully recover (the same as exact-compensation) within a single year after a short-term extreme drought with grass species compensating for the decreased forb productivity (Hoover et al., 2014; Stampfli et al., 2018; Mackie et al., 2019; Wilcox et al., 2020). Besides, a study focused on belowground net primary productivity (BNPP) also suggested that drought-induced reductions in root production can recover rapidly in a coming wet year even though the drought legacy effects may persist for years after drought (Slette et al., 2022). By contrast, the CG of burned sites was mostly contributed to annual forb ANPP compensating for reduced grass ANPP, while the CG of unburned sites was promoted by subdominant annual and perennial grass species in a savanna grassland in South Africa (Wilcox et al., 2020). The opposite roles played by forbs and grass species mentioned above might be mainly due to the difference in community composition in these sites. As forbs are often less resistant to drought than grasses, if the plant community was dominated by forbs, then the CG of the total ANPP may decrease (Xu et al., 2021). Additionally, annual forbs are more resilient than perennial forbs, which are characterized by limited seedling recruitment and slow regrowth from surviving belowground organs after drought (Wilcox et al., 2020; Xu et al., 2021).

Meanwhile, semi-arid grassland seems to require more time for the ANPP to achieve exact-compensation from drought. Xu et al. (2021) explored the recovery potential of ANPP by inducing two years of extreme drought (66% reduction in ambient growing season precipitation) followed by two years of recovery (ambient precipitation) in a semi-arid grassland ecosystem in Inner Mongolia, China. The results show that ANPP decreased by approximately 33% during the two years of extreme drought. However, one year after the extreme droughts, the ANPP of the drought plots returned to 83% of the ambient plots and fully recovered to ambient ANPP by the second year. The authors attributed these differences to three points: (a) the lower precipitation efficiently limits CG in the semi-arid regions; (b) the reduction of ANPP in the semiarid grassland is much higher than that in the mesic grassland (Ma et al., 2020), which increase the recovery time; (c) a large proportion of high resistance and low resilience of perennial forb species may delay the recovery time of the semiarid grassland (Tello-García et al., 2020).

As for arid grasslands, the CG rate may more slowly due to greater resource limitations and more severe impacts (Stuart-Haentjens et al., 2018). A study in Inner Mongolia suggested that the net primary productivity was less affected by light to moderate drought than moderate to severe drought (Liu et al., 2021). At the same time, another study conducted in the Chihuahuan Desert found that drought consistently and strongly decreased the cover of a dominant C4 grass (Bouteloua eriopoda), whereas water addition slightly increased the cover, even with little variation between years (Báez et al., 2013). The limited CG of Bouteloua eriopoda responding to increased water availability may reflect morphological constraints on this rhizomatous grass (Báez et al., 2013).

In general, grasslands are composed of two dominant herbaceous functional groups: grass and forb, which show great differences in their vulnerability to extreme drought (Taylor et al., 2011; Wilcox et al., 2020). Grass species are generally better able to tolerate drought, especially C4 grasses, whereas forb species may avoid drought via deeper rooting profiles (Nippert and Knapp, 2007). Besides, the growth responses of annual and perennial species may be different during and after drought (Volaire, 2003). Therefore, CG in grasslands may depend on function diversity in predrought communities (Stampfli et al., 2018; Wilcox et al., 2020). However, a study conducted in 13 extreme natural-drought experiments spreading over two biogeographic regions (five sites in annual-dominated grasslands in California and eight sites in perennial-dominated grasslands in the Great Plains) suggested there was no correlation between pre-drought plant diversity and post-drought resilience (Bharath et al., 2020). More importantly, the productivity of grassland ecosystems is simultaneously co-limited by nutrients and water across a wide range of precipitation (Bharath et al., 2020). For example, species-rich semi-natural grasslands exhibited a lower CG compared with intensively managed agricultural grasslands (De Keersmaecker et al., 2016).



Compensatory growth response to drought intensity, timing, and duration

Drought intensity, timing, and duration are fundamental characteristics of experimental or natural drought events. Drought stress can cause a series of reductions in morphological and physiological functional traits (e.g., plant height, specific leaf area, length of roots, leaf water potential, and photosynthetic capacity), which may finally lead to a reduction in productivity (Cenzano et al., 2013; Wellstein et al., 2017). Response diversity, describing the variation of responses to environmental change among species in a particular community, maybe a key determinant of ecosystem stability and functionality (Elmqvist et al., 2003; Mori et al., 2013). For instance, perennial caespitose grasses and rhizomatous grasses showed different growth response strategies to drought, as the CG of rhizomatous grasses declined with increasing water stress intensity while caespitose grasses displayed little CG with strong drought resistance (Zhang et al., 2018). Besides, defoliation could stimulate the CG of rhizomatous grasses under wet conditions, but the positive effects of defoliation can be weakened by drought intensity (Zhang et al., 2018). Even though, the CG of grassland dominated by perennial species almost remains constant with increasing drought intensity (Ruppert et al., 2015). The main reason may be contributed to the degree of drought intensity being below the upper limit that could cause ecosystem collapse (Dechant and Moradkhani, 2015).

The responses of grassland ecosystems to drought may vary with different seasonal drought timing. When droughts occur in the early season, the reductions in current-year biomass appear to be large enough due to the limitation length of a peak growth period for biomass accumulation (Meng et al., 2019). On contrary, when droughts happen in the late season, the decreased biomass will be reflected in the following year because of large negative legacy effects (Jiao et al., 2021). For example, the timing of drought significantly decreased ANPP (18%~26% reduction compared to the control treatments) during the growing season in a mesic grassland, with later droughts (early summer drought and late summer drought, respectively) having a larger effect than earlier drought (late spring drought), while BNPP was not significantly affected by any manipulated drought timing (Denton et al., 2016). Similar findings were also confirmed in a meadow steppe where spring and summer droughts decreased ANPP but did not affect BNPP (Meng et al., 2019). Furthermore, grasslands subjected to mid-summer drought tend to be primed for greater CG in the following year than grasslands experiencing earlier drought in the season (De Vries et al., 2012b; Denton et al., 2016).

The duration of drought is important to explain the variability of CG, with longer droughts resulting in slower grassland CG, through causing the depletion of seedbank and stored resources needed for re-establishment and resprouting of the drought-sensitive species (Ruppert et al., 2015; Estiarte et al., 2016; Matos et al., 2019). In the North American semi-arid grassland biome, reductions in ANPP appeared to be greater when the rainfall patterns of the growing season were dominated by many small events (that is, chronic drought), while it turned out to be not when rainfall patterns were characterized by large rain events (Cherwin and Knapp, 2012). Compared with wood biomes, grasslands exhibited a stronger CG when exposed to chronic drought, by contrast, displayed a weaker CG when exposed to intense drought (Jiao et al., 2021). Furthermore, the adverse effects of intense drought on ANPP were found to be more significant than chronic drought, additionally, drought duration appeared to hardly alter this pattern (Carroll et al., 2021). Therefore, the compensation of grassland ANPP in response to future droughts may be reduced when the rainfall regimes of the growing season being more extreme.



Compensatory growth under different resource availability

The amount of CG can be also affected by resource availability through the plant-soil feedback (Van Staalduinen et al., 2009). Due to changes in the soil water availability during and after drought, the turnover of C and N in soils is also altered. Increased duration and intensity of drought are usually associated with decreasing C and N mineralization and inorganic N fluxes (Borken and Matzner, 2009; Deng et al., 2021). Even though, a pulse in net C and N mineralization following the wetting of dry soil is generally observed (Wu and Brookes, 2005). Previous grassland studies indicate that drought stresses alleviate N limitation and have a positive effect on forage quality (Dumont et al., 2015). Additionally, increasing N deposition resulting from anthropogenic N emissions can improve grassland CG after a drought even in arid environments (Kinugasa et al., 2012). Besides, the wetting pulses have a greater impact on C and N mineralization or flux rates in arid and semiarid grasslands than that in humid and subhumid grassland (Borken and Matzner, 2009). Whereas, it is worth noting that the cumulative C and N mineralization are most likely less compared with soil under optimum moisture even with wetting pulses, which implies that wetting pulse cannot compensate for small mineralization rates during periods (Borken and Matzner, 2009). In another word, the grassland CG pulsed by the short-term C and N mineralization may be not sustainable if the droughts become frequent.

The dynamics of soil C and N are affected not only by plant organic matter input but also by microbial activities (Deng et al., 2021). Soil microorganisms participate in all aspects of C and N dynamics, regulate the formation of soil organic matter and release extracellular enzymes through C and N turnover (Ren et al., 2017). Meanwhile, microbial decomposition of soil organic matter can cause CO2 efflux and gaseous N emissions by producing C and N-degrading extracellular enzymes (Ren et al., 2017). Interestingly, both microbial and extracellular enzyme activities appear to be more sensitive to soil water content and temperature than to their nutritional resources (Nielsen and Ball, 2015). Therefore, drought can alter soil microbial composition and enzyme activities, then affect the soil C and N balance (Ren et al., 2017), and finally influence both the belowground and aboveground performances of plants in response to drought.

However, previous studies have no consistent results on the relationship between CG and resource availability. Some studies suggested that plants tend to overcompensate more frequently under unfavorable growth conditions (Coughenour et al., 1990; Hawkes and Sullivan, 2001). In contrast, some researcher insisted that CG only occur under abundant even optimal conditions (Belsky et al., 1993), known as the compensatory continuum hypothesis (CCH). Furthermore, even for the same functional type, CG varies among different resource levels (Hawkes and Sullivan, 2001). For instance, Leymus chinensis had less CG under dry conditions compared with wet conditions, while it is opposite for Stipa krylovii (Van Staalduinen and Anten, 2005). Besides, the chronic nutrient addition in the Great Plains reduced grassland drought resistance and increased drought resilience regardless of annual-dominated or perennial-dominated grassland (Bharath et al., 2020). Based on CCH, a limited resource model (LRM) was once introduced to explain the range of observed effects of resource levels on and prediction for compensation for herbivory (Wise and Abrahamson, 2005), which suggested that CG depends on the type of resource and disturbance intensity (e.g., drought, heat stress, herbivore) under consideration (Metcalfe and Monaghan, 2001; Michael and Warren, 2007). The LRM model introduced the roles of limiting and non-limiting resources, and analyzed which resource was affected by the disturbance. If the disturbance mainly affects the first limiting resource, then higher CG is expected to occur at high resource availability. The application of the LRM model needs to take certain experimental requirements into account, including full factorial experimental design, consistent levels of disturbance across environments, determining whether a focal resource is liming plant fitness, and identifying the resource affected by disturbance (Wise and Abrahamson, 2005). Even though, the application of LRM to predict CG in response to drought still remain with many uncertainties and need to be tested in future study, with the complex backgrounds of climate region, grassland type, and species diversity (Monaghan, 2008).



Underlying mechanisms of compensatory growth in response to drought

The CG response of grassland to drought is a synthesis result of plant, root, and soil feedback (Figure 2). With respect to aboveground plant responses, CG under drought conditions may be triggered by the recovery of existing individuals within a grassland ecosystem, or by compensatory dynamics where particular individuals or species increase in abundance to counterbalance reductions in other individuals or species (Tilman and Downing, 1994). Compensatory effects, arising from various responses of different plants or functional groups to perturbations, are an important mechanism for sustaining ecosystem stability (Gonzalez and Loreau, 2009; Song and Yu, 2015). Besides, compensatory changes in species population in response to environmental fluctuations can maintain an appreciated steady state between the rate of resource supply and its consumption (Morgan Ernest and Brown, 2001). The difference in performance between functional traits is a good indicator of plant growth strategy in response to post-drought. For example, Leymus chinensis exhibited a greater capacity for CG than Stipa krylovii, because it has a stronger ability in storing carbohydrates and reallocating them after leaf losses, and a more positive effect of defoliation on light penetration through the canopy (Van Staalduinen and Anten, 2005). The CG of the different grassland ecosystems responding to drought may occur through two fundamentally different biotic mechanisms (Wilcox et al., 2020): (1) drought-tolerant plants increase in abundance and functionally compensate for declines in drought-intolerant species, which is called compensatory dynamics (Gonzalez and Loreau, 2009; Hoover et al., 2014); (2) all individuals within the community recover fully after drought, which is defined as physiological compensatory (Connell and Ghedini, 2015). Physiological compensation often happens with short-term and (or) moderate drought, while compensatory dynamics are more likely to occur under long-term and (or) extreme drought by rearranging species abundances (Smith, 2011).




Figure 2 | Conceptual framework of the responses of aboveground and belowground processes to post-drought for compensatory growth. The three main three components include aboveground plant, root, and soil microorganism, which are determined by plant community trait, soil type and climate (ambient environmental conditions). The effects of drought on the three components are achieved individually, but we hypothesize that the responses of the aboveground plant determine the responses of root after drought, thereby, the microbial community responses, which react on aboveground plant growth, community composition, ultimately, ecosystem stability and function (Williams and De Vries, 2020).



Nevertheless, plant roots and microbial community also play a key role in mediating the post-drought responses (Figure 2). Root traits, like specific root length, root dry matter content, and toot tissue density, are important for shaping post-drought responses and vary across a range of grassland species with different growth strategies (De Vries et al., 2016; Williams and De Vries, 2020). In addition, root exudates form a pathway for plant-microbial communication and have the potential to influence plant tolerance and recovery during and/or after drought (Williams and De Vries, 2020). The drought-induced changes in the quality of root exudates might have implications for the recovery of plants and microbes (De Vries et al., 2019). Besides, the structure of the microbial community can determine the functional responses of the grassland ecosystems, through the expression of functional genes. Furthermore, CG was almost certainly promoted by a drought-induced increase in soil N availability as a higher mineral N supply rate appeared in the month after rewetting, and then increased plant nitrogen content two months after rewetting (Mackie et al., 2019). Due to an increase in plant-available N, the plant photosynthetic activities are upregulated during post-drought, and then drive a short-term increase in forage quality (Bloor and Bardgett, 2012; Niboyet et al., 2017). Therefore, this field of research will need to be driven forward by studying general mechanisms, focusing on mechanisms that link below- and aboveground processes and responses (Figure 2).



Limitations and suggestions for future research

With growing concerns about grassland vulerability, a comprehensive understanding of grassland response to drought is becoming increasingly important. Previous studies have mainly focused on the plant or ecosystem responses during drought, however, there is still limited understanding of the period after drought. Here, we reviewed compensatory growth across grassland types, drought characteristics, and resource availabilities. Besides, the underlying mechanisms of CG were also summed up. However, there is still a lot of work to achieve the ultimate target on how to accurately quantify CG and predict its direction and strength under changing ambient environmental conditions. The followings are some suggestions for further research on CG.

Firstly, the assessment method of CG mentioned above implicitly assumes that the reference growth level (the pre-defined post-drought period or the historic norm status) is where the drought legacy ends. However, the legacy of drought might be extending far beyond a return to reference growth level under some conditions (Ingrisch and Bahn, 2018; Ovenden et al., 2021). Thus, when CG is activated and then how long it will take are still debatable, which need to be finely defined in future study. Besides, as plant functional traits play an important role in determining net carbon assimilation and allocation, therefore, a better understanding of the post-drought recovery performance of plant functional traits could improve our ability to predict grassland ecosystem production in a rapidly changing climate (Yin and Bauerle, 2017). In order to improve the evaluation accuracy of CG, filtering out suitable plant-soil functional traits may be a good pathway (Figure 2).

Secondly, the adverse impacts of a single drought might be reflected in plant water and nutrient acquisition than in ecosystem carbon cycling, while both sides could be emphasized by a second drought or repeated droughts (Slette et al., 2022). The potential consequences of repeated drought on CG may range from increased adaptation to increased sensitivity, which remains unclear (Slette et al., 2022). Some studies have suggested that the adaptation of soil microbial communities to a previous drought can increase the drought tolerance of plants in facing a subsequent drought event (Lau and Lennon, 2012; Meisner et al., 2013). Besides, drought-exposure history could increase complementarity between plant species in response to future droughts (Chen et al., 2022). Due to more frequent droughts are expected in many parts of the world in the future, studies on the CG response to repeated droughts are needed to improve our knowledge of grassland stability.

Thirdly, even though extensive studies have been focusing on the effects of drought on grasslands, there is limited understanding of the period after drought due to a lack of studies on belowground responses and an undue emphasis on aboveground ecosystem responses (Vilonen et al., 2022). ANPP is the most common indicator or function for evaluating the aboveground ecosystem responses to drought (Hoover et al., 2014; Knapp et al., 2015), because aboveground biomass is easier to obtain than belowground biomass. In fact, grasslands allocate a substantial portion of total net primary production to roots and then store most of their carbon belowground (Hui and Jackson, 2006; Silver et al., 2010). Belowground responses, such as BNPP and soil CO2 flux, are of particular importance in determining the size of the soil carbon pool (Post et al., 1982; Slette et al., 2021). Previous studies have demonstrated that the CG of ANPP and BNPP is different over time, like average precipitation amounts are sufficient for CG in ANPP after extreme drought, while CG in BNPP might be more resource-demanding (Slette et al., 2022). Due to the different patterns of ANPP and BNPP response to changes in water availability, belowground processes and their underlying mechanisms should be addressed in future work modeling ecosystem responses to climate change (Denton et al., 2016).



Conclusion

Overall, in light of the persistence and intensification of climate change, the responses of ecosystems to drought need to be paid more attention. In past decades, a series of analogous compensatory growth of net primary productivity and community stability to drought disturbance in different grassland ecosystems were discussed based on effective indicators, like recovery and resilience. In this review, we discussed compensatory growth across different grassland ecosystems and drought characteristics, explained the effect of resource availability on compensatory growth, and summed up the mechanism by which compensatory growth may occur. The review suggests that the CG is likely to be primarily due to the different responses of plant functional groups and their interactions with soil microbes to water availability. We propose identifying the starting time and duration of compensatory growth; better describing the symbol of CG with plant-soil functional traits; conducting more research on the plant-soil feedback and the decoupling of above- and belowground processes. These proposed researches would expand our understanding of compensatory growth, and increase our ability to evaluate the stability and sustainability of grassland ecosystems in the face of climate change.
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Introduction

With increasing forest areas under management, dynamics of managed stands have gained more attention by forest managers and practitioners. Improved understanding on how trees and forest stands would respond to different disturbances is required to predict the dynamics of managed stand.s. Partial mortality commonly occurs in stand development, and different response patterns of trees and stands to partial mortality would govern stand dynamics.



Methods

To investigate the possible response patterns using existing knowledge of growth and yield relationships, we developed TreeCG model, standing for Tree’s Compensatory Growth, a state-dependent individual tree-based forest growth model that simulates the compensatory growth of trees after experiencing a partial mortality. The mechanism behind the simulation is the redistribution of resources, including nutrients and space, freed from died trees to surviving trees. The developed new algorithm simplified the simulations of annual growth increments of individual trees over a long period of stand development.



Results

The model was able to reproduce the forest growth patterns displayed in long-term precommercial thinning experiments. The simulated forest growth displayed the process of compensatory growth from under compensation, to compensation-induced-equality, and to overcompensation over time.



Discussion

Our model can simulate stand growth trajectories after different partial harvest regimes at different times and intensities, thus support decisions in best partial harvest strategies. This generic model can be refined with given tree species and specific site conditions to predict stand dynamics after given partial mortality for any jurisdictions under management. The simulation reassembles growth trajectories of natural stands when no thinning is conducted.





Keywords: over-compensation, partial harvest, productivity evaluation, stand growth trajectory, tree-based state-dependent model, TreeCG, Wood Fibre Value Simulation Model



Introduction

Forest productivity, defined as the accumulated standing forest volume since stand initiation, and often referred to as yield in studies of growth and yield (Avery and Burkhart, 1994; Weetman and Mitchell, 2013), can be influenced by many factors including changes in environmental conditions such as disturbances and climate change (e.g., Shugart et al., 2003; Shell and Bongers, 2020). To improve forest productivity forecasting, it is crucial to understand the response patterns of trees and forest stands to changing environmental conditions to determine the adaptation strategy in sustainable forest management. Climate change, as one particular change in environmental conditions, can influence forest dynamics either directly or indirectly (Crookston et al., 2010). The direct influence could occur via altered growth rates of trees due to changing environmental pressure or by altering the suitability of ecological niche for the species (e.g., Hiura et al., 2019). Such indirect influence could be through changing natural disturbance regimes, which could in turn modify the mortality of trees and thus the stage structure of forest stands (e.g., Dale et al., 2001; IPCC, 2014). The current study focuses on how forest stands might respond to partial mortality, using controllable thinning operations as an example, to reduce stochastic uncertainties in partial mortality caused by natural disturbances.

Partial mortality may be common in forest stand development caused by many different factors including various types of disturbances, such as thinning. Thinning is a partial-cut treatment where a portion of the trees in the stand are harvested, which modifies the subsequent growth process of that stand. It is a silvicultural intervention tool that is used to modify the process of natural stand development for achieving desirable forest conditions, serving as a form of anthropogenic disturbances (e.g., Nyland, 1996; Ares et al., 2009; Kitagawa et al., 2018). When performed before the trees are ready for harvest for commodity products, it is called precommercial thinning (PCT), which reduces stand density and generally results in faster growth of remaining trees in diameter than that of untreated sites (Weetman and Mitchell, 2013). As a result, trees with bigger diameters are expected to favor lumber industries and increase the stand value dramatically when trees grow into the sawlog class.

Although short-term observations seldom demonstrated that stand gross volumes in thinned sites exceed those in unthinned sites (e.g., Bose et al., 2018), several long-term observations confirm that stand gross volumes in many treated sites can exceed that in untreated sites as surveyed by Li et al. (2020). For example, 42 years following initial PCT treatments, balsam fir (Abies balsamea (L.) Mill.) stand volumes in treated sites were about 15% higher than those from untreated sites in the Green River watershed of northwestern New Brunswick, Canada (Pitt and Lanteigne, 2008). Harvest analyses raised questions on whether this apparent productivity enhancement might be a common expectation from PCT, and how this could influence the forecast of long-term stand productivity, which is the foundation of sustainable forest management planning (e.g., Manitoba Conservation and Water Stewardship, 2013). To answer these questions, understanding of the mechanism(s) behind the observations becomes a necessity.

Compensatory growth (CG) is a common cross-taxa phenomenon in biology (Li et al., 2021). The earliest report of CG can be traced back to Osborne and Mendel (1915; 1916) in their famous study on nutrition and growth. Though CG has been termed differently in different biological fields, the essential meaning is consistent. For example, Mangel and Munch (2005) referred to CG as the ability of an organism to grow at an accelerated rate following a period of resource deprivation. Diverse CG patterns have been found, and they can be grouped into three main statuses (Belsky, 1986; Maschinski and Whitham, 1989; Whitham et al., 1991; Li et al., 2020; Li et al., 2021):

	under-compensation, in which biomass or body mass of treated group is lower than that of untreated group;

	compensation-induced-equality (CIE) or exact compensation, in which biomass or body mass of treated group equals to that of untreated group; and

	over-compensation, in which biomass or body mass of treated group exceeds that of untreated group.



Each of these hypothetical patterns for CG following a PCT are showed in Figure 1.




Figure 1 | Illustration of CG. The solid line represents gross volume in natural stands. The dished lines indicate possible compensatory outcomes to a PCT operation at 12 years after planting: 1 - over-compensation; 1 - exact compensation, and 3 - under-comensation.



CG has been observed in plants, invertebrates, and vertebrates, both in the laboratory and in the wild and in both juveniles and adults as reviewed in Li et al. (2021). Mangel and Munch (2005) summarized that the diverse CG patterns are dependent on species, social environment, seasonal development, temperature, food availability, and physiological factors such as internal state and age. Therefore, there is no single “fixed” pattern of CG, but there may be general principles that allow deepening understanding and predicting the patterns, given the context.

In forestry, CG can be defined as a change in growth rate, usually positive, in a forest stand following a disturbance that reduces biomass and/or individuals from the population (Li et al., 2021). For example, the lens of CG was able to explain the over-compensation displayed in the coastal Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) stands near the Shawnigan Lake, British Columbia, Canada, 40 years after PCT and fertilization treatments (Li et al., 2018). Li et al. (2022) further demonstrated that CG may also be common in forest stands, using three published long-term silviculture datasets for major tree species across Canada, including lodgepole pine (Pinus contorta Douglas) in the MacKey thinning experiment, foothills Alberta, red pine (Pinus resinosa Aiton) in commercial thinning experiment of the Petawawa Research Forest, Ontario, and the costal Douglas-fir in the Shawnigan Lake trial. Nevertheless, systematic studies of CG in forestry are still rare, thus limiting the benefit of such exploration for the forest sector, despite significant benefits obtained from CG research results by other industries including livestock, crops, and aquaculture (Li et al., 2021). With the CG as a conceptual framework, however, it is possible to explain and thus predict stand dynamics after a partial mortality. This study is an example of how this framework could provide a mechanistic tool that could benefit forest sector in achieving sustainable forest management.

Methodologically, an experimental approach has been commonly employed to determine whether CG occurred in the experimental systems, and if existed, the type or status of CG. These results can help different industries to benefit from the CG through altering the management regimes (Li et al., 2021). For trees with a long lifespan, however, the experimental approach might not be widely applicable (see a summary in Li et al., 2020). In silvicultural experiments, the normal guidelines defined 10 years after-initial-treatments as appropriate period of observation (e.g., Reukema, 1975 for coastal Douglas fir PCT). However, the results from such a short-term observation might not provide a full picture of how forests might respond to such treatments as demonstrated in Pitt and Lanteigne (2008) and (Li et al., 2018; 2021). Since very few silvicultural experiments last 40 years or beyond, long-term observation results are rarely reported in the literature, simply because they require efforts from at least two continuous generations of professional careers. Therefore, to design and implement field CG experiments and then wait for results might be impractical due to the time and costs restraints. Nevertheless, Li et al. (2022) was able to demonstrate that CG might also be common in forest stands using legacy datasets (30-60 years) at the stand and tree levels of three major tree species across Canada, though these experiments were originally designed for other purposes. Considering that operational decisions in forest management are usually urgent and cannot wait for suitable data to become available, ecological modeling approach can play an important role in assisting decision support (Mangel et al., 2001).

Conceivably, if the CG phenomena commonly occurred in trees and forest stands as demonstrated in Li et al. (2022), one should be able to develop a simulation model, using existing growth-and-yield relationships, to corroborate the CG process within a lifespan of trees and forest stands triggered by thinning. Such a model could help elucidate the mechanism(s) underlying diverse CG patterns and facilitate design of the best strategy to take advantage of the CG phenomena by the forest sector. As plenty of growth and yield relationships are readily available for natural stands across North America and Europe, the first step would be to investigate whether this body of knowledge could be used for forecasting CG consequences. Such an attempt would have at least two meaningful consequences: one would be to produce a tool for predicting CG effect on stand dynamics, and the other would be to confirm that CG is probably an understandable natural process in stand dynamics, rather than a suspicious or out-of-the-ordinary phenomenon. In the current study, we show this attempt is possible through proper utilization of available growth and yield relationships.

The objectives of the current study are two-fold: first, to describe a state-dependent individual tree-based forest growth model called TreeCG, standing for Tree’s Compensatory Growth, representing an alternative modeling approach to predict dynamics of stands after thinning operations; and second, to show how this modeling approach can successfully reproduce the CG patterns observed in long-term silviculture (thinning) experiments. The possible applications of this modeling approach are also briefly discussed.



Materials and methods


Simulation model structure and major components

The TreeCG forest growth simulation model was used in the current study. Different from age-dependent growth and yield models that aimed at predicting mean stand volume over time under given site index for specific tree species or stand type, the state-dependent TreeCG model simulates the annual increments of diameter at breast height (DBH) and height (H) of individual trees within a stand, in which the annual increments are determined by the internal state of tree age and external state of resource availability. Therefore, the TreeCG model can capture the detailed responses of trees to changing environment conditions at any given tree age. Results from such a model structure allow estimation of different volume- and value-based assessment of stand productivity. Figure 2 shows the data flow of our model.




Figure 2 | Data flow of the TreeCG simulation model.



The major components of the model are as follows:

Initialization: This component sets up the initial conditions defined in the Scenario Input including stand density, the years of thinning operation, thinning intensity and method, and the distributions of diameter and height that assigned to each individual tree, thus allowing the program to keep track of the fate of each individual tree over time.

Natural mortality: MNatural, is estimated using the following equation (Botkin et al., 1972; Keane et al., 2011):

 

where AgeMax is the longevity of tree. Lodgepole pine is a pioneer species that is distributed in western Canada and Rocky Mountain area. Kaufmann (1996) reported that the old-growth lodgepole pine trees varied in age from 250 and 296 years with about 31 cm in diameter in the Fraser Experimental Forest near Fraser, Colorado. In current study, 250 was used as the longevity of lodgepole pine.

Tree growth without thinning: the variable-density yield tables for natural stands of lodgepole pine in Alberta (Johnstone, 1976) were used to account for the effect of stand density on the relationship between H and age, Age:

 

where H is height in m, Stems is the number of stems no less than 0.6 inch (i.e., 1.524 cm) of DBH outside bark per acre and Age was based on years. We converted the units in the formula from British system into metric system, thus enabling the calculation of H of each tree at a given stand density.

Tree DBH is expressed as a function of H, estimated using the softwood equation of Huang (2016):

 

For lodgepole pine in Alberta, b1 = 2.0584, b2 = -0.0407, and b3 = 1.5310. The annual increment of DBH, DBHInc, was then calculated as:

 

where the subscripts t and t+1 indicate the measured variables at year t and t+1, respectively. Figure 3 shows surface plot generated by equation (4), in which the DBHInc decreases with increasing tree age and stand density, reflecting the dynamics of tree vigor or vitality. This is consistent with the common observations of faster growth of trees in young stands.




Figure 3 | Annual increments of DBH, DBHInc, for lodgepole pine, at different stand age and stand density based on the variable density yield table of Johnstone (1976).



Applying the surface smoothing techniques using the software TableCurve3D (SYSTAT Software Inc., 2002) DBHInc at any given age and density could be estimated as:

 

where x is tree age, y is stand density, and z is DBHInc. Parameter a = -0.47912889, b = -0.09398818, c = 0.585319033, d = -0.08405214, e = -0.09621235, f = 0.04071322, g = -0.000857125, h = 0.004492331, i = -0.00377608, and j = 0.008262739. The surface fitting has R2 = 0.9942 and F = 8652.8217 and p< 0.0001.

Tree growth with thinning: at the year of thinning, the altered tree DBHInc,new can be decomposed as the DBHInc of stand density before thinning, DBHInc,natural, plus the released growth, DBHInc,natural–new, of stand density after thinning:

 

where the subscripts of natural and new indicate the stand density before and after the thinning operation. To calculate DBHInc,new(cm), we need to have both DBHInc,natural(cm) and DBHInc,natural–new(cm), where DBHInc,natural–new(cm) is the extra (released) growth of DBH induced by the thinning operation. To simplify the DBHInc,natural–new(cm) calculation, DBHInc,natural(cm) and DBHInc,new(cm) are presented in a relative sense (with regarding to an assumed maximal stand density of 20,000 stems/ha for lodgepole pine, and in this case as RDBHInc,natural(%) and RDBHInc,new(%), respectively:

 

 

We then calculated DBHInc,new(cm) as

 

where RDBHInc,natural–new(%) is calculated as:

 

With above treatments, the DBHInc,new(cm) can be directly estimated from the stand densities before and after thinning. The parameters were estimated using the surface smoothing for equation (5), where x is tree age, y is stand density, and z is DBHInc,new(cm). Results for the numerical simulation results are a = 9214.78559, b = 2726.639714, c = 2258.136021, d = -325.333346, e = -229.149066, f = -259.997371, g = 14.89819094, h = 8.856809336, i = 4.586019568, and j = 16.20041778. The surface fitting has R2 = 0.9994 and F = 85893.681 with p< 0.0001. In other words, RDBHInc,natural–new(%) can be obtained by calculating two stand densities, before and after thinning, using the same equation as shown in Figure 4.




Figure 4 | Relative annual DBH increment, RDBHInc(%), regarding an assumed maximal stand density of 20,000 stems/ha.



The surface of H after the released growth, corresponding to DBHInc,new(cm), can then be obtained using the provincial equation for lodgepole pine (Huang et al., 2013):

 

For clarity, we summarized the set of variables in our model along with their definitions in Table 1.


Table 1 | List of variable definitions.





Model validation

Since the current version of the TreeCG is generic, our model validation is performed qualitatively in terms of examining whether the model structure and assumptions are reasonable. If the answer was positive, the simulation results should be able to reproduce the diverse patterns of CG in stands after different thinning operations. As an example, we compared the simulated CG patterns qualitatively to what displayed in the Shawnigan Lake long-term silviculture experiments using the relative growth (RG):

 

where VolThinned and VolControl are the gross volumes for thinned and control stands, respectively. If the model structure and assumptions are reasonable, the simulated RG over time should be able to show the temporal transition from under-compensation to CIE and over-compensation in thinned stands compared to unthinned stands (Li et al., 2018).



Model simulation experiment

Our model simulations were designed to test the premise that the CG capacity of a tree is a function of internal (age) and external (intensity of thinning, i.e., the level of stimulus/mortality) states. The premise came from the diverse CG patterns observed in different PCT experiments. If this premise were true, the simulation results should show the different responses of a forest stand to different thinning operations. As such, one could expect that existing growth and yield relationships from natural stands could be used to predict the growth trajectories of stands under different thinning operations. Furthermore, one could also expect that an optimal thinning regime or strategy could be identified, in terms of optimal timing and intensity of a thinning operation, for achieving a maximized stand productivity.

The initial stand density was set as 7,500 stems/ha, and the simulation results were evaluated for the total gain over a planning horizon of 100 years, which accounted for the sum of the immediate gain from thinning operation and the gain from the remaining trees at the year 100. Thinning operations were implemented at two different stand ages of 30 (representing an early partial mortality) and 60 (representing a late partial mortality) years old. A control without thinning was also implemented. The partial mortality was represented by the intensity of thinning, which was set as removal of 33% (as a light mortality) and 66% (as a heavy mortality) of total number of trees. If this premise were true, the simulated CG capacity could differ under early and late partial mortality, as well as light and heavy mortality.

The model output includes the stand conditions (DBH and H of each living tree) at initialization and every 5-year interval until 100 years, and harvested wood at the year of thinning.



Evaluation of stand productivity

The stand productivity evaluation for the simulated stand dynamics was conducted using the Wood Fibre Value Simulation Model (WFVSM) (Li et al., 2017; Li et al., 2022). As a unified valuation tool, the WFVSM simulates both volume- and value-based indicators of a given tree-based forest inventory, represented by harvested logs segregated into different types of treatment centres for different products, including sawmills, pulp mills, veneer mills, plywood mills, and bio-refineries, as well as used as a source of biomass for heat and electricity, and carbon capture. The calculations of these indicators were primarily based on knowledge from the field of forest engineering such as Briggs (1994), except sawmill recovery, which is based on the simulation results of the Optitek, an industrial sawmill operation software package (FPInnovations, 2014), at possible combinations of DBH (at the interval of 1 cm) and H (at the interval of 1 m).

Gross volume, merchantable volume, lumber volume recovery, lumber value recovery, and net sawmill value are used in current analysis. The gross volume, Vol, was calculated using the lodgepole pine tree volume equation for Alberta (Penner et al., 1997):

 

The merchantable volume is the log volume transported to the mill gate. The lumber recovery and all by-products are obtained from the look-up-table tallied from multiple simulations using the Optitek. The total value recovery from sawmill, ValSawmill, can be calculated as

 

where ValLumber, ValChips, ValSawdust, ValShaving, and ValBark are the value recoveries from lumber, chips, sawdust, shavings, and bark, respectively. The lumber sale price was defined as $400 per thousand board feet (MBF), chips sale of $140 per Metric Tons (MT), sawdust price of $25/MT, shaving price of $15/MT, bark price of $10/MT, and the average wood density was set to 400kg/m3. The costs in sawmill operations are also included in the Optitek simulations, which are the fixed costs of $15/m3 lumber recovery, planing costs of $25/MBF, drying cost of $15/MBF, and sawing cost of $60/MBF. These values employed were taken from the default set in the Optitek software package reflecting the mean market situation of early 2000s in North America, and the mean operational costs from a large number of Canadian sawmills at the time. The values used in this investigation serve as a standard of comparing simulation results under different thinning operations. The Optitek provides a flexibility of allowing users to define their own values based on their specific mill machine configuration and fluctuating commodity market.




Results


Simulated forest growth pattern

A direct method of exploring the outcome of a stand dynamics model is to examine the long-term stand growth trajectories under different thinning scenarios. When no thinning operation is applied, the modeled stand growth trajectory will constitute a forest growth pattern under the control scenario, equivalent to natural stand condition. This trajectory can serve as a baseline case to compare with each of simulated growth trajectories under different partial mortalities caused by prescribed thinning operations. An over-compensation can be indicated when the stand growth trajectory is higher than the baseline case. An under-compensation will be denoted when the stand growth trajectory is lower than the baseline case. An exact compensation, or CIE can be called when the stand growth trajectory ends up at some point being equal to the baseline case (see illustration in Figure 1).

The results of our simulation were expressed throughout a graphical representation that covered a planning period of 100 years (Figure 5). Stand density decreased exponentially at the early stand development that is determined by the natural mortality function (equation (1)), and then decreased proportionally at the year of thinning operation according to the intensity of partial mortality (Figure 5A). Moreover, our results also show that final merchantable volume after early partial mortality can exceed that from control, i.e., overcompensation, and a heavier mortality could result in a higher merchantable volume than that from a lighter mortality (Figure 5B). However, such a trend may not always be the case when a late partial mortality is experienced, which resulted in either under-compensation or CIE. In other words, both thinning intensity and timing can result in different stand productivity at the end of simulation. In addition, the evolution of the lumber and sawmill value (Figs. 5c and 5d) could suggest an increase when value recovery occurred from the merchantable volume, which is probably because of the increased percentage of large dimension lumber products.




Figure 5 | Simulation results of (A) stand density (stems/ha), (B) merchantable volume (m3/ha), (C) value recovery of lumber ($/ha), and (D) total value recovery of sawmill ($/ha) of initial stand density of 7,500 stems/ha under different thinning intensities for a hypothetical stand of lodgepole pine at age 30 and 60 years.



The results suggest that the stand’s capability for compensation could be higher at a younger age than that at an elder age, and heavier thinning could result in a higher compensation capability than that from a lighter thinning. The simulation results also suggest that a partial harvest performed at age 60 might be too late with very little or no benefit to be expected from the CG phenomenon. This is probably true because age 60 is usually the minimal stand age of conventional harvest in many jurisdictions based upon decelerating growth.



Simulated total gains

Forest managers usually take a certain planning horizon for evaluating the consequences of a given management operation. The planning horizon could vary depending on the purpose of planning. For example, a typical forest harvest planning process could have multiple 20-year planning periods with a total of 200 years as the strategic planning horizon for the province of Manitoba, Canada (Li et al., 2011). In the current study, we explored the consequences of a thinning operation during a planning horizon of 100 years, with every 5-year as an output period. This enables evaluation of changing stand value over the planning horizon.

To evaluate the consequences of different thinning operations, we compared several indicators of total gain at the end of a planning horizon of 100 years for the operations as showed in Table 2. In the case of early thinning, there is no immediate benefit from the operations, but the final harvest could be significantly higher than that from the unthinned stand. Late thinning can have some immediate benefit from operations (11.308 and 23.242 m3/ha merchantable volumes from 33% and 66% removal of surviving trees, respectively); however, they could not make up the lost in final harvest at the end of planning horizon for the total merchantable volume, although the value recoveries could still be higher than that from unthinned stands probably due to the large dimension of sawlogs. Simulation results showed that under a late thinning regime, thinned stands would eventually (> 15 years) outperform unthinned ones after an initial underperformance.


Table 2 | Simulated gains from different timings and intensities of thinning over 100 years.



These results suggest that at the earlier stage of stand development, trees might have a higher capacity of CG due to increased vigor of surviving trees. The capacity of CG could reduce with aging trees. Therefore, to take full advantage of CG capacity in enhancing long-term stand productivity, the thinning should not be performed too late (e.g., before 60 years of stand age in current planning scenario) in the process of stand development.



Model validation

A qualitative model validation was conducted through comparing the simulated forest growth patterns to a long-term silvicultural experiment, which was a 40-year trial of PCT and fertilization on the coastal Douglas-fir near the Shawnigan Lake, British Columbia (Crown and Brett, 1975). The focus of the comparison is not via matching of absolute values, because the relationships employed in our simulation model were not specifically from the coastal Douglas-fir forests. The dataset from the Shawnigan Lake trial contains multiple repeated measurements for a combination of three levels of PCT and three levels of fertilization treatments. As reported in Li et al. (2018), the diverse stand growth patterns can be expressed by growth relative to the control in percentage. In the current model validation, the relative growth is used to compare the CG growth patterns as shown in Figure 6.




Figure 6 | The stand growth trajectories after experiencing a thinning operation: (A) simulated growth trajectories after experiencing a PCT at age 30, and (B) observed growth trajectories after PCT at age 24 based on the PCT and fertilization (224 kg N/ha) treatments at the Shawnigan Lake trial, BC Canada.



As a longitudinal process, one can follow stand gross volume after experiencing an early thinning at year 30 under three levels of intensity (i.e., 0, 33%, and 66% removal for the initial stand density of 3,950 stems/ha). Here, partial mortality first reduced gross stand volume but then the stand gross volume gradually catches-up with that of the control stand, and eventually exceeds the control and generates over-compensation (Figure 6A). The heavier thinning (66% mortality) resulted in higher over-compensation than that of the lighter thinning (33% mortality) (Figure 6A). The trends displayed in this series of simulations appeared consistent with observed by the 40-year’s measurements from the Shawnigan Lake trial (Figure 6B). This indicates that our simulation results are validated qualitatively by the observations from this long-term PCT and fertilization experiment.

Note that only the simulation results between age 30 (the year the thinning operations are conducted) and 70 are plotted, because the observations from the Shawnigan Lake trial cover 40 years only as the treatments were started at age 24 and measured for 40 years.

Our results suggested that short-term (10-year) observations defined by Reukema (1975) after PCT, will generate under-compensation (Figure 6). The over-compensation can only be observed in long-term observations such as 40-year after the PCT treatments. This is because slow growing trees need sufficient time for the treated stands to compensate the lost volume at the treatments. This confirmed that the sufficient condition for over-compensation to occur is having enough time (Li et al., 2018).




Discussion

Our results confirmed the premise that a simulation model based on existing growth and yield relationships, can reproduce diverse CG patterns observed in long-term thinning experiments. In this section, we discuss our CG research approach in general, examine the logical consequences of thinning, and briefly go over the potential management applications of our model TreeCG.


CG research approach

Management of forest growth is one of the major components in modern forest management. It aims at promoting productive forestry, in terms of proactively seeking ways of enhancing forest productivity (Li et al., 2020). In other words, a major concern is how management operations might enhance forest productivity. To reach this goal, improved understanding on the dynamics of managed stands appears essential. Existing forest growth and yield models characterize the growth responses of forest stands under natural conditions including some fluctuations caused by some random events (e.g., Martin, 1991; Huang et al., 2001). However, it has not been thoroughly examined as to whether these relationships also apply to managed stands, probably due to insufficient data sources. Nevertheless, some studies revealed that they are probably not the same. This was evidenced in Huuskonen and Hynynen (2006), who found that the diameter increment of trees after PCT can be characterized by a function of dominant height, initial stand density and the actual stem number of the PCT treated growing stock, and the regeneration method. Recently, Burkhart and Yang (2022) found that the carrying capacity, an indicator of productivity, in intensively managed plantation plots of loblolly pine (Pinus taeda) was significantly higher than that of non-intensively managed plantation plots, which suggested that stand growth trajectories in the two types of plantations were different.

Existing growth and yield relationships generally assume that the observed productivity of a forest stand results from the optimal utilization of space and nutrients of the trees living in the stand (Li et al., 2020). Thus, the growth and yield models of natural stands should represent the optimal stand productivity. This can serve as a starting point for understanding the dynamics of managed stands, such as the CG phenomenon after thinning. As an example, such yield surfaces of lodgepole pine can be illustrated in Figure 7, by using GYPSY model (Huang et al., 2001; Huang et al., 2009) in Alberta (AB), Canada: the stand yield surface under different initial stand densities over stand age when site index is 30 m (Figure 7A), and under different site indices over stand age when initial stand density is fixed as 7,500 stems/ha (Figure 7B). These surfaces should allow practitioners to estimate the stand productivity of the species at any given stand age, site index, and initial stand density.




Figure 7 | GYPSY model predicted surfaces of lodgepole pine yield in AB, Canada: under different (A) initial stand densities when site index is 30 m, and (B) site index when initial stand density is 7,500 stems/ha.



When a thinning operation is conducted at a specific stand age, one could assume that the stand productivity would switch from the stand growth trajectory from the initial stand density to the stand growth trajectory indicated by the stand density after the thinning operation at the specific stand age. Though this assumption could be too rough possibly due to delay for the stand to detect the new level of space and nutrients availability under the new stand density, it provides a possible way of predicting stand productivity after the thinning operation, using the information contained in growth and yield curves for natural stands.

A challenge in implementing this switch is to determine the corresponding initial stand density for the trajectory with stand density after the thinning operation at the specific stand age. Such a challenge was also appeared in studying population dynamics of mountain pine beetle (Dendroctonus ponderosae Hopkins) (MPB) after a management operation, in which the challenge is the estimation of population density after the operation. Safranyik et al. (1999) developed a MPB population dynamics model at a spatial scale of one hectare, to forecast the population dynamics with a flexible initial population density. However, the population reduction from a management operation will require the trajectory of the population dynamics to be adjusted due to the reduced population density at the time of the operation. Therefore, researchers had to perform two separate runs of the model: one for population dynamics before the operation under the initial population density, and the other for population dynamics after the operation under the reduced population density. Due to the stochastic nature of the model, it appeared difficult to estimate the initial population density under which the population density after the operation could be exactly harmonized, and multiple runs of guessed initial population densities might be needed to match accurately the population density after the operation.

This guessing of initial population density is similar to the challenge of modelling the stand growth trajectory after a thinning operation. Despite the fact that stand density after the thinning can be relatively easy to estimate, the new trajectory at different timings could still present a challenge in identifying the corresponding initial stand density under which the stand density will be the same as the reduced stand density right after the operation. This means multiple runs might be needed to “guess” the right growth trajectory for after the thinning operation. TreeCG model resolved this issue by developing a new algorithm described in the methods section.

Most existing forest growth and yield models are analytical, with a premise that once the specific tree species or stand type and site index are known, stand yield curve of the natural stand can be determined (e.g., King, 1966). This fixed shape of stand yield curve for natural stands facilitates straightforward applications by practitioners but compromises the flexibility of capturing changes between years. For managed stands, such a fixed shape of stand yield curve might not always apply because significant disturbances such as both catastrophic fire events and thinning operations could reduce biomass or stand density and thus alter the stand yield curve dramatically. To capture such changes between years, a simulation approach would likely perform better than an analytical approach, because it usually handles better the complicated system dynamics that are difficult to represent by a single analytical model. In the state-dependent forest growth model TreeCG, the dynamics of stand volume consist of before and after thinning stages, and the stand volume at any given year is the sum of volumes of individual trees within the stand, calculated yearly using its annual increments of DBH and H. Since the simulation results will reassemble the dynamics of natural stands under different stand density and site index conditions, the TreeCG model can simulate the dynamics of both natural and managed stands.

The CG phenomenon has been well-known to animal and annual plant researchers, but less familiar to foresters. Application of the CG concept to tree and forest biology is an example of how forestry can benefit from the principles and results of general biology and ecology. The modeling approach presented in current study could also be applied to different industries or fields to take advantages of CG. Theoretically, the modeling approach could be complementary to the experimental approach commonly employed in functional trials (Zirbel et al., 2017; Hanisch et al., 2020). It speeds up our understanding about functional plant ecology.



Logical consequences from thinning operations

Research results from thinning and stand density management are the primary driver for our understanding CG phenomenon in forests. Combined with initial spacing, thinning is widely used for stand density management (e.g., Long, 1985). It results in a partial mortality to the stand (Bose et al., 2014), and also altered stand structure (Pamerleau-Couture et al., 2015), radial growth response (Montoro Girona et al., 2016), wood quality (Lemay et al., 2018), and mortality (Montoro Girona et al., 2019) and windstorm after partial harvest (Lavoie et al., 2012). Conceptually, if the stand does not respond to the partial mortality, the surviving trees will continue their normal growth trajectories and thus no compensation would occur, which result in the freed nutrients and space from dead trees left unused. However, this is unlikely owing to the inter-tree competition. If partial mortality could be seen as a stimulus to the normal growth of the stand, it could trigger a CG for the remaining trees in the stand. Obviously, compensation will not occur in dead trees, however, CG could happen at the stand level such that the surviving trees grow faster than normal. This is achieved by utilizing the extra nutrients and space freed from the dead trees, as indicated by widely observations from PCT experiments (e.g., Bose et al., 2018). As we know, each thinning regime is a combination of the timing and intensity of a thinning operation. If the response of a stand to partial mortality would differ under different thinning regimes, one could expect diverse response curves or growth trajectories of the stand after thinning operations. Thus, the challenge is to identify the best combination of timing and intensity of a thinning operation that can lead to the maximized stand productivity (Li et al., 2020). This appears consistent with the goal of silviculture experiments (e.g., Zeide, 2008).

Redistribution of resources (including space and nutrients) from dead trees to surviving trees has been implemented in some process-based models. For example, the Tree And Stand Simulator (TASS) model (Mitchell, 1975) demonstrated that PCT and fertilization could lead to overcompensation in terms of basal area as a result of the redistribution of space and light. Unfortunately, this potential had been largely ignored until very recently a PCT experiment conducted using the Table Interpolation Program for Stand Yields (TIPSY, a “meta-model” software program giving electronic access to a vast database of yield tables produced by TASS) showed that PCT could result in a full CG process in stand growth trajectory including overcompensation (Figure 8), in which a CG process is triggered by a PCT at year 10, and over time experiencing under compensation up to year 75, exact compensation at year 76, and overcompensation after year 77. Though 65 years are needed for the catch-up in stand gross volume in the PCTed site, that is about a quater of lodgepole pine’s lifespan, which might not be too slow compared with most short lifespan species proportionally. Considering the importance of nutrients in tree growth, a reasonable inference is that the real CG could probably be even more significant and clear than simulated by TASS-TIPSY model.




Figure 8 | A CG process simulated by using the TIPSY 4.4 through comparing the stand growth curves (PCTed vs. control) in a planted lodgepole pine stand with a site index of 24 m.



The TreeCG model provides a possible way of speeding-up the understanding of CG mechanism through the exploration of the model behaviour, or logical consequences from different thinning operations. This exploration can be performed through carefully designed multiple simulations, or model experiments. For example, effect of different thinning regimes on the stand productivity could be conducted by different timing and intensity of thinning, and the simulation results could be evaluated by a unified procedure of volume and value-based inventory assessment, i.e., by running the WFVSM in our case. The WFVSM can provide fast assessment to measured silviculture results of an experiment with the unified procedure, despite its absolute values of indicators could vary slightly in different settings of product treatment centres. In other words, the logical consequences of different thinning prescriptions on stand productivity can be investigated through combination of using a simulation tool of TreeCG and a valuation tool like WFVSM.



Management applications

Our generic TreeCG model can be refined using local growth and yield relationships for addressing specific regional issues. For example, the most recent lodgepole pine stand growth projection (Figure 9) using the GYPSY model (Huang et al., 2001; Huang et al., 2009) with more specific on-site index could replace the surface presented in Figure 3, for the calibration to address specific issues under investigation in Alberta. Similar approaches can be applied to other jurisdictions such as British Columbia using the relationships built-in the Variable Density Yield Projection (VDYP) model for natural stands (British Columbia Ministry of Forests, Lands, Natural Resource Operations and Rural Development, 2019).




Figure 9 | Annual increments of DBH, DBHInc, of lodgepole pine predicted by GYPSY model in Alberta, Canada, at the site index of 20 m and different stand age and stand density.



Calibrated growth and yield models can help addressing practical issues such as:

	Estimation of released growth for crop trees;

	Identification of optimal prescriptions of thinning operations for maximized stand productivity;

	Exploration of optimal spacing for plantation programs;

	Determination of possible elevation of regional annual allowable cut (AAC) through enhanced stand productivity for mitigating the wood supply shortfall;

	Enhancement of carbon capture through forest management for improving regional carbon budget;

	Reduction of fuel accumulation through partial harvest for decreasing fire risk;

	Improvement of biofuel and bioeconomy through increased feedstock for producing heat and electricity.



Since there has been no reported evidence showing that trees are capable of distinguishing the causes of partial mortality, the TreeCG can be expanded to include partial mortality induced by other disturbances such as fire, insect outbreaks, and windstorm, etc. to capture the corresponding responses of forests.

The TreeCG model can help when estimating the growth trajectories influenced by the disturbance regimes altered by climate change. Like most existing growth and yield models, however, the TreeCG model might be technically unsuitable to address potential climate change impact on the growth trajectories of trees and stands directly, simply because it does not respond to changes in climate variables. It would be better to have a climate sensitive growth and yield model through an alternative approach, such as from a life-history perspective that might be more suitable because it takes adaptation of trees to changes in the probability distributions of climate variables and disturbances into account, with hybrids of existing growth and yield relationships. We will describe this approach in a separate manuscript.




Conclusions and research recommendations

A state-dependent TreeCG model based on the CG conceptual framework was able to reproduce the CG patterns observed in the Shawnigan Lake long-term PCT and fertilization experiment. The new algorithm of simulating CG process reduced the computing demand and simplified the calculation of annual growth increments for individual trees over time. Our results suggested that stand growth trajectories could be altered considerably by different timing and intensity of thinning operations. They explained the diverse CG patterns observed in different PCT experiments. Our model TreeCG can contribute to the understanding of growth trajectories of stands after a partial mortality and could be utilized to address many questions in theory and applications.
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Climate change leads to novel species interactions and continues to reshuffle ecological communities, which significantly declines carbon accumulation rates in mature forests. Still, little is known about the potential influence of multiple global change factors on long-term biomass dynamics and functional trait combinations. We used temporal demographic records spanning 26 years and extensive databases of functional traits to assess how old-growth subtropical forest biomass dynamics respond to various climatic change scenarios (extreme drought, subsequent drought, warming, elevated CO2 concentrations, and windstorm). We found that the initial severe drought, subsequent drought and windstorm events increased biomass loss due to tree mortality, which exceeded the biomass gain produced by survivors and recruits, ultimately resulting in more negative net biomass balances. These drought and windstorm events caused massive biomass loss due to tree mortality that tended towards acquisition species with high hydraulic efficiency, whereas biomass growth from survivors and recruits tended to consist of acquisition species with high hydraulic safety. Compensatory growth in this natural forest provided good explanation for the increase in biomass growth after drought and windstorm events. Notably, these dominant-species transitions reduced carbon storage and residence time, forming a positive carbon-climate feedback loop. Our findings suggest that climate changes could alter functional strategies and cause shifts in new dominant species, which could greatly reduce ecological functions and carbon gains of old-growth subtropical forests.
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Introduction

Climate change has potentially large consequence for ecosystem composition and structure (Allen et al., 2010; Aleixo et al., 2019; Zhao et al., 2022; Liu et al., 2023), thereby affecting local and global net carbon balances (Reichstein et al., 2013; Yang et al., 2022). However, demographic changes are critical for understanding forest carbon balance and its response to interannual climatic variations (Lewis et al., 2009; Pan et al., 2013; Chen et al., 2016; Luo et al., 2019). Net changes in aboveground forest biomass are modulated by a combination of three demographic processes, including biomass growth of surviving trees, biomass increase from recruitment of new stems, and biomass loss due to mortality (Brienen et al., 2015; Hisano et al., 2019; González-M et al., 2020). Changes in net biomass can be attributed to either a faster temporal increase in tree mortality than growth, or increased mortality accompanied by decreased growth due to temporal decreases in water availability, persistent increases in air temperature and CO2 concentrations, and the occurrence of climatic extremes (Breshears et al., 2005; van Mantgem et al., 2009; Ma et al., 2012; Brienen et al., 2015; Greenwood et al., 2017; O’Brien et al., 2017; Anderegg et al., 2020). Species-rich subtropical forest ecosystem, as a particularly important biome in the forest regions of East Asia, is pivotal for regulating the global carbon and water cycles (Yu et al., 2014; Wu et al., 2022). However, few studies have reported the long-term responses of net biomass changes and their three components to climatic perturbations in species-rich subtropical communities.

Systematic variations in demographic processes that underpin community assembly and dynamics over time have not provided underlying mechanistic explanations to generalize interspecific variations in response to both biotic and abiotic stresses (McGill et al., 2006; Meiners et al., 2015; Li et al., 2023). Plant functional traits that reflect life-history strategies and respond to environmental change could address this knowledge gap (McGill et al., 2006; Westoby and Wright, 2006; Adler et al., 2014; Swenson et al., 2020). Plant traits impact fitness indirectly via influencing survival, growth, and reproduction (Lavorel and Garnier, 2002; Violle et al., 2007), and can effectively predict various ecosystem processes and services (Wright et al., 2004; Wright et al., 2005; Shipley et al., 2006; Laughlin, 2014; Reich, 2014; González-M et al., 2020; Chacón-Labella et al., 2022). Environmental conditions alter ecological trade-offs and adaptive strategies associated with interspecific trait combinations, and the fitness and amount of trait variability are contingent on the nature and magnitude of environmental drivers (McGill et al., 2006; Díaz et al., 2007; Haddad et al., 2008; Mouillot et al., 2013; Adler et al., 2014; Bruelheide et al., 2018; Yang et al., 2018; Sarker et al., 2021; Iqbal et al., 2023). Herein, applying trait-based approaches to study the functional responses of most coexisting tree species to ongoing climate change and how these responses translate into changes in biomass carbon sinks could improve our ability to predict forest changes under future climate change scenarios (McDowell et al., 2008; González-M et al., 2020; Caleño-Ruiz et al., 2023).

Ecophysiological trait trade-offs that define fundamental niche differences and fitness among species in response to environmental conditions can be used to understand species coexistence mechanisms and ecosystem processes (Sterck et al., 2011; Craven et al., 2015; Aguirre-Gutierrez et al., 2019; Ge et al., 2019; Poorter et al., 2019; González-M et al., 2020; van der Plas et al., 2020). In species-rich forests, variations in multiple traits are organized along two main dimensions corresponding to trade-offs in resource acquisition-conservation and hydraulic safety-efficiency (Wright et al., 2004; González-M et al., 2020). Conservative species with high wood density exhibit high levels of hydraulically safe tissues and mechanical stability, plant survival, shade and drought tolerance, as well as better defense against herbivores, fungi, and pathogens (Van Gelder et al., 2006; Chave et al., 2009; Méndez-Alonzo et al., 2012). Consequently, they are also less vulnerable to hydraulic failure, have a lower mortality risk, may keep their stomata open and maintain a positive carbon-gaining capacity even under dry conditions (McDowell et al., 2008; Poorter, 2008; Quero et al., 2011). In contrast, acquisitive species with low wood density are related to larger xylem vessels, higher hydraulic conductivity, and higher photosynthetic rates and carbon gains (Coley, 1983; Santiago et al., 2004; Markesteijn et al., 2011; Méndez-Alonzo et al., 2012; Yin et al., 2023). Under drought conditions, it is expected that acquisitive species close their stomata and reduce transpiration to avoid hydraulic failure and cavitation of the xylem water column, thereby limiting the ability of plants to supply water to leaves for photosynthetic gas exchange (Hetherington and Woodward, 2003; McDowell et al., 2008; Quero et al., 2011). However, it is still not entirely clear how environmental factors determine the two-dimensional spectrum of plant form and function (Wright et al., 2010; Joswig et al., 2022).

Understanding the change patterns in the structure and function of forest ecosystem during and after multiple climate events such as droughts, storms, floods, fire, and lightning strikes, as well as exploring their underlying mechanisms, are crucial for forecasting forest ecosystem function and dynamics under global climate change. Therefore, there is a need for a general theory that can be applied to specific cases. Compensatory growth refers to the accelerated growth response of plants to damage, thereby offsetting adverse effects, restoring functionality, and maintaining their original growth state after perturbations (Mcnaughton, 1983; Belsky, 1986). It also appears as a common phenomenon in biology, and can provide a unique perspective to explain diverse forest growth patterns after partial mortality, including three forms: under-compensation, exact-compensation, and over-compensation (Li et al., 2021). The form of compensatory growth can be applied to explain changes in various forest growth indicators such as leaves, productivity, biomass, density, fecundity and recruitment (Jutila and Grace, 2002; Rea and Massicotte, 2010; Ascoli et al., 2019; Li et al., 2021). In nature forests, various factors could influence the pattern of forest growth over time. The responses and growth rates of certain tree species may vary significantly when site conditions change (light, soil nutrients, water and space, etc). However, detecting compensatory growth patterns and status after experiencing a period of unfavorable conditions in forests is important for the forest sector in designing future research strategies (Li et al., 2020; Li et al., 2021; Li et al., 2022).

The response trajectories and mechanistic explanations of subtropical forests to climate change remains poorly understood, partly due to the scarcity of highly replicated chronosequence data for numerous tree species during and following extreme climatic events. Over the past three decades, subtropical forest ecosystems have been threatened by various environmental fluctuations, such as severe droughts, storms, ongoing warming, and elevated CO2 concentrations (Pan et al., 2013; Zhou et al., 2011; Fauset et al., 2012; Zhou et al., 2014; Li et al., 2015). Of them, old forest trees with various ages, sizes and ontogenies cannot stably coexist over time, yet any large and persistent changes to the demographic processes over a short period could be the consequence of exogenous environmental changes (van Mantgem and Stephenson, 2007; van Mantgem et al., 2009). Old forests are irreplaceable, which has important implications for predicting forest vegetation dynamics. In a subtropical monsoon evergreen broad-leaved forest that is over 400 years old, we utilized repeat census data for a 1-ha permanent plot spanning 26 years and a dataset of 11 functional traits from 69 coexisting tree species (> 4,330 stems) to evaluate the long-term biomass dynamics and biomass-related plant trait spectrum space in response to multiple climatic scenarios. Specifically, we aimed to address two questions: (1) How have multiple climate stresses alter community biomass assembly and dynamics in an old-growth subtropical forest over the past two decades? (2) In the presence of multiple climatic stresses, can shifts in the plant functional trait spectrum space elucidate biomass assembly dynamics and the underlying mechanisms within this forest? We hypothesize that compared to favorable environmental conditions, higher climatic stresses have a greater impact on biomass dynamics and functional trait combinations.





Materials and methods




Study site and tree censuses

This study site was located in the Dinghushan Biosphere Reserve (20°09′21″–23°11′30″N, 112°32′39″–112°35′41″E) approximately 84 kilometers west of Guangzhou, in Guangdong Province, southern China. The reserve was established in 1950 to protect the natural monsoon evergreen broad-leaved forests in the southern subtropics and was accredited as China’s first national natural reserve in 1956. This region belongs to a typical southern subtropical monsoon climate with distinct dry and wet seasons. Annual average precipitation oscillates between 1,099 and 2,221 mm with a mean of 1,653 mm (based on data from 1960–2020), of which nearly 80% falls during the wet season (April–September) and the rest 20% falls during the dry season (October–March). The mean temperature is 9.6 °C in January and 30.7 °C in August with an annual mean of 22.4 °C. The site has red and yellow soils developed from the bedrock that consists of sandstone and shale. Soil clay, silt, and sand contents are 18.5%, 66.0%, and 15.6%, respectively, with a soil pH of 4.1 and an Fe content of 5.4 g kg–1 (Yu et al., 2019).

A 1-ha long-term permanent plot was established in the center of the reserve at an altitude of 200–300 m with a south-facing slope of 25–30° for long-term forest monitoring. The forest community is a species-rich old-growth subtropical lowland evergreen forest that has remained undisturbed for at least 400 years (Zhou et al., 2006). Since the establishment of the permanent sample plot, tree censuses have typically been carried out every ~5 years. All freestanding woody stems ≥1 cm diameter at breast height (DBH, measured at 1.3 m height) were identified, tagged, measured, and mapped using standardized census protocols. This study utilized six census data for this permanent sample plot (1994, 1999, 2004, 2010, 2015 and 2020).





Climate change drivers

Based on 26-year records, we used the mean annual temperature (MAT), annual precipitation (AP), standardized precipitation and evapotranspiration index (SPEI), atmospheric CO2 concentration, and two extreme climatic events to assess the long-term changes in multiple biomass dimensions and their related plant trait spectrum space. MAT and AP data were obtained from the local weather station. The CO2 concentrations were derived from the Mouna Loa System Research Laboratory in Hawaii (http://www.esrl.noaa.gov/gmd/ccgg/trends/co2_data_mlo.html). The monthly-scale SPEI used in this study was extracted from the global drought monitor dataset at a 1° resolution from 1960–2020 to calculate the SPEI (Beguería et al., 2010; Vicente-Serrano et al., 2010). Both AP and SPEI values reached their lowest points in 2003 during the study period. Ciais et al. (2005) reported that an extreme global drought occurred in 2003. In addition, this permanent plot was observed to be affected by the windstorm “Super Typhoon Mangkhut” on August 16, 2018, by combining drone aerial images before, during, and after the windstorm.





Functional traits

We selected five individual trees per species and measured 11 functional traits from 345 populations of 69 tree species belonging to 36 families. We selected sun-exposed branches and mature leaves from the designated trees to measure various traits. The 69 species accounted for more than 98% of the individuals and standing biomass in this plot from 1994 to 2020. The following multiple traits were used to describe the adaptation strategies of multiple species to environmental changes: specific leaf area (SLA, cm2 g–1), leaf nitrogen concentration (NL, mg g–1), leaf phosphorous concentration (PL, mg g–1), leaf N:P ratio (N:PL, mg g–1), photosynthetic capacity at maximum CO2 assimilation rates (Asat, μmol m–2 s–1), stomatal conductance (gs, mol m–2 s–1), sapwood-specific hydraulic conductivity (Ks, kg m–1 s–1 MPa–1), leaf-to-sapwood area ratio (AL/AS, m2 mm–2), water potential turgor loss point (TLP, MPa), predawn leaf water potential (ψPD, MPa), and wood density (WD, g cm–3).





Aboveground biomass and biomass changes

In any point in time, we estimated aboveground biomass (AGB, t ha–1) for each species of this permanent plot by using DBH-based allometric biomass equations for the stems, branches, and leaves, respectively (Wen et al., 1997). Between two successive censuses, biomass growth of survivors (BGS, t ha–1 yr–1) for each species was calculated as the annual biomass increment resulting from the growth of all surviving trees from the first census (T0) to the last census (T1). Biomass growth of recruits (BGR, t ha–1 yr–1) for each species was estimated as the annual biomass increment of trees that reached at least 1 cm DBH in T1 and were not sampled in T0. Biomass mortality (BM, t ha–1 yr–1) for each species was estimated as the biomass of all died trees between T0 and T1. Net biomass change (NBC, t ha–1 yr–1) for each species was calculated as the difference between biomass gain (BGS + BGR) and biomass loss (BM) in both censuses. Positive changes in net biomass (NBC+) indicated net biomass gain, while negative changes in net biomass (NBC−) indicated net biomass loss.





Data analyses

Firstly, to describe changes in the functional trait space, we performed principal component analysis (PCA) with multiple traits at the individual level using the ‘princomp’ function in R. We selected the first two PC axes to create a two-dimensional trait space. The ordination of species across this surface presents a two-dimensional continuum, integrating ecological strategies in eleven trait combinations. To effectively visualize the functional spectra as density areas of species with ‘peak-valleys’, we used trait probability density (TPD) approach to calculate the occurrence probability of given combinations of trait values and employed two-dimensional kernel density estimation to construct color gradients and contour lines. For each scenario, we extracted contours at the 0.5 and 0.99 quantile thresholds of the probability distribution, thus highlighting the regions of the highest and lowest trait occurrence probability. The color gradient illustrates regions where the relative density of trait combinations is expected to increase (red) or decrease (yellow) as a result of functional transitions. These analyses were performed using the ‘TPD’ and ‘ks’ R packages (Chacón and Duong, 2018; Carmona et al., 2019).

Secondly, to quantify the amount of plant trait spectrum spaces (functional richness, FR) occupied by biomass dimension (i.e. aboveground biomass, demographic biomass and net biomass changes) in response to the TPD, we estimated the functional space using the sum of each biomass dimension’s hypervolumes and considering their probability distributions for values above 0 (Carmona et al., 2016; Carmona et al., 2019). In parallel, similarly to the use of β-diversity to determine the pairwise dissimilarity of species composition (Baselga, 2010). We used an overlap-based functional dissimilarity (βO) index to quantify the dissimilarities on the trait spectrum space occupancy between biomass dimensions. The βO index ranges from 0, when two units are functionally identical (overlap = 1), to 1, when there was no functional overlap between them (Carmona et al., 2019). To verify the reliability of the results for the variations in trait spectrum space, we randomly selected 35 species (close to half) during each census period and performed 999 iterations to estimate the functional trait space and functional dissimilarity differences in biomass dimensions. All statistical analyses were performed in R version 3.5.3 (R Core Team, 2019).






Results




Long-term variability of atmospheric CO2, temperature, precipitation, and SPEI

Atmospheric CO2 increased constantly from 1960 to 2020 (R2 = 0.99, P < 0.001), and increased persistently by 2.13 ppm yr–1 from 1995 to 2020 (ranging from 358.96 to 414.24 ppm, Figure 1A). MAT increased significantly from 1960 to 2020 (R2 = 0.42, P < 0.001). More specifically, MAT increased significantly from 1960 to 1994 (R2 = 0.21, P < 0.01), with an average rise of 0.20 °C per decade. MAT showed a non-significant upward trend from 1995 to 2020 (R2 = 0.01, P = 0.66), with an approximate increase of 0.5 °C compared to the period from 1960 to 1994 (Figure 1B). During the period from 1960 to 2020, there were no significant trends observed for AP (R2 = 0.00, P = 0.86) and SPEI (R2 = 0.00, P = 0.95). The study plot experienced frequent and severe droughts from 1999 to 2011, with the AP falling below 1,500 mm in 9 out of 13 years (Figure 1C). The period from 2000 to 2004 was characterized as the driest, with the lowest average AP and SPEI values. Among these dry years, the lowest AP and SPEI values occurred in 2003, with values of 1,251.80 mm and –0.66 (a monthly SPEI < –0.5 indicates extreme drought), respectively (Figures 1C, D). Furthermore, the windstorm in 2018 also posed a threat to the forest community (Figures 1E–G).




Figure 1 | Long-term climatic changes from 1960 to 2020. (A) Atmospheric CO2 concentration. (B) Mean annual temperature (MAT). (C) Annual precipitation (AP). (D) Standardized precipitation and evapotranspiration index (SPEI). (E–G) Forest landscape before, during and after the windstorm in 2018. Bar graphs show changes in climatic indices during different census periods (mean ± SE). ED2003 and STM2018 are respectively the extreme drought in 2003 and the windstorm “Super Typhoon Mangkhut” in 2018.







Aboveground biomass dynamics and its trait space in response to climate change

During the period of high rainfall (1995–1999), the total AGB in the permanent study plot increased by 8.57 t ha–1. During the period of initial severe drought (2000–2004), especially the impact of the extreme drought in 2003, AGB decreased by 34.46 t ha–1. During the subsequent drought period with low rainfall (2005–2010), AGB continued to decline by 5.1 t ha–1. During the recovery period with high rainfall following two drought events (2011–2015), AGB increased by 9.47 t ha–1. However, during the windstorm disturbance period in 2018 (2016–2020), AGB decreased significantly by 8.6 t ha–1 (Figure 2A). Simultaneously, the proportion of accumulating biomass in dominant species persistently declined since the first census, while that of other subordinate and rare species significantly increased (Figure 2B; Supplementary Table S1).




Figure 2 | Long-term changes in aboveground biomass (A) and species biomass proportion (B) in a 1-ha forest plot from 1994 to 2020. The figure font indicates the difference in aboveground biomass between the next census and the last census. ED2003 and STM2018 indicate respectively extreme drought in 2003 and the windstorm “Super Typhoon Mangkhut” in 2018. Low and high indicate low and high rainfall in each census period.



Eleven functional traits based on 345 populations of 69 species were summarized in the first two PC axes (its associated eigenvalues > 1), which together captured 47.03% of variation. The first PC axis associated with all traits explained 29.35% of variation, reflecting the resource acquisitive-conservative trade-off axis. Acquisitive species were linked to lower values of WD and N:PL, and higher values of other traits, whereas conservative species exhibited the opposite trait values. The second PC axis explained 17.68% of variation, reflecting the hydraulic safety-efficiency trade-off axis. The negative values indicated species with high hydraulic efficiency, which were strongly related to high photosynthetic capacity (Asat and gs) and weakly related to high Ks, WD, and N:PL. The positive values were related to high hydraulic safety (AL/AS, TLP and ψPD) and leaf indicators (NL, PL and SLA) (Figure 3A; Supplementary Tables S2, S3).




Figure 3 | Trait probability densities (TPD) show the functional trait combinations of species populations along an axis of resource acquisition-conservation (PC1, 29.35% explained variance) and an axis of hydraulic safety-efficiency (PC2, 17.68% explained variance). (A) TPD where 69 tree species in this plot has an equivalent weight. (B) TPD where each species population is rescaled by its equivalent aboveground biomass in this plot from 1994 to 2020. (C, D) Functional richness (FR) of 50% and 99% probability threshold changes over time. The fonts indicate overlap-based functional dissimilarity (βO) in different consecutive census periods. The relevant indicators defined as: NL, leaf nitrogen concentration; PL, leaf phosphorous concentration; N:PL, leaf N:P ratio; SLA, specific leaf area; Asat, photosynthetic capacity at maximum CO2 assimilation rates; gs, stomatal conductance; Ks, sapwood-specific hydraulic conductivity; AL/AS, leaf area to sapwood area ratio; TLP, water potential turgor loss point; ψPD, predawn leaf water potential; WD, wood density; RC, resource conservation; RA, resource acquisition; HE, hydraulic efficiency; HS, hydraulic safety.



When the trait probability threshold of equivalent weight was rescaled by the AGB per species over the study period, it was observed that 50% functional space was related to biomass-dominant species with high hydraulic efficiency, and only a small space was associated with species with high hydraulic safety. The 50–99% trait space exhibited a broad distribution (Figure 3B). The 50% and 99% trait space occupation in 1994, 2004 and 2015 was higher than other years. Notably, the initial severe drought resulted in the highest functional dissimilarities (βo) within all probability thresholds (low overlap trait space), followed by the effects of subsequent drought and windstorm (Figures 3C, D).





Demographic biomass and its trait space in response to climate change

During the period of high rainfall, BGS (2.76 t ha–1 yr–1) was significantly higher than BGR (1.11 t ha–1 yr–1) and BM (0.08 t ha–1 yr–1) (Figures 4A, G, M). Compared to the period of high rainfall, during the initial severe and subsequent drought, BGS significantly decreased by 2.45 and 2.52 t ha–1 yr–1, while BGR significantly increased by 0.23 and 0.31 t ha–1 yr–1, and BM significantly increased by 9.58 and 3.68 t ha–1 yr–1, respectively (Figures 4D, C, H, I, N, O). During the recovery period, BGS (3.39 t ha–1 yr–1) increased significantly, while BGR (1.59 t ha-1 yr-1) and BM (0.10 t ha–1 yr–1) decreased significantly (Figures 4D, J, P). After the windstorm disturbance, BM, BGS, and BGR reached 5.47, 3.31 and 0.34 t ha–1 yr–1 respectively (Figures 4E, K, Q). From 1995 to 2020, BM, BGS, and BGR were 3.55, 1.81 and 0.52 t ha–1 yr–1 respectively (Figures 4F, L, R).




Figure 4 | Trait probability densities (TPD) showing the functional trait combinations of each species populations is rescaled by its equivalent biomass growth of survivors (BGS in green colours, A–F), biomass growth of recruits (BGR in blue colours, G–L) and biomass mortality (BM in purple colours, M–R). Functional richness (FR) of 50% and 99% probability threshold in the TPD. RC, resource conservation; RA, resource acquisition; HE, hydraulic efficiency; HS, hydraulic safety.



Compared to the period of high rainfall, BGS covered a narrower trait spectrum space within all probability thresholds during the period of severe drought and windstorm disturbance, but covered a broader trait space during the period of subsequent drought and recovery (Figures 4A–E). In contrast, BGR and BM covered a broader trait space within all probability thresholds during the initial severe drought, subsequent drought, and windstorm disturbance, while they covered a narrower trait space during the recovery period (Figures 4G–K, M–Q). Long-term BM and BGR covered a broader trait space than BGS (Figures 4F, L, R). Yet, BGS and BM were located alongside the hydraulic efficient-safety trade-off axis but only at the high acquisitive side. BGR was located along resource acquisitive-conservative trade-off axis but only on the side associated with high hydraulic safety (Figure 4).

In 50% threshold trait spectrum space, compared to the period of high rainfall, the initial severe drought, subsequent drought and windstorm events resulted in the trait space occupation of BGS to transform from high hydraulic-efficiency species to higher hydraulic-safety species, whereas that of BM shifted from high hydraulic-safety species towards high hydraulic-efficiency species. The trait space of BGR shifted from conservative to acquisitive species during the drought and windstorm events (Figure 4). The βo values among three biomass demographic dimensions declined significantly over time (Figures 5A–C). The results of 999 randomizations were consistent with the relative trait space occupancy described above (Supplementary Table S4).




Figure 5 | Overlap-based functional dissimilarities (βo) among biomass dimensions (A–D) within 50% and 99% probability thresholds during different census periods. BGS, biomass growth of survivors; BGR, biomass growth of recruits; BM, biomass mortality; NBC+, positive net biomass changes; NBC–, negative net biomass changes.







Net positive and negative biomass changes and its trait space in response to climate change

Compared to the period of high rainfall (NBC+ = 2.13 t ha–1 yr–1) and recovery (NBC+ = 2.78 t ha–1 yr–1), NBC+ significantly decreased during the initial severe drought (0.88 t ha–1 yr–1), subsequent drought (1.62 t ha–1 yr–1) and windstorm (1.10 t ha–1 yr–1). However, compared to the period of high rainfall (NBC− = 0.42 t ha–1 yr–1) and recovery (NBC− = 0.89 t ha–1 yr–1), NBC− increased significantly during the initial severe drought (7.78 t ha–1 yr–1), subsequent drought (2.47 t ha–1 yr–1) and windstorm disturbance (3.32 t ha–1 yr–1). Long-term NBC− (2.31 t ha–1 yr–1) was higher than NBC+ (1.10 t ha–1 yr–1) (Figure 6).




Figure 6 | Trait probability densities (TPD) showing the functional trait combinations for species populations is rescaled by positive net biomass changes (NBC+ in blue colors) and by negative net biomass changes (NBC− in red colors) (A–F). Functional richness (FR) of 50% and 99% probability threshold in the TPD. Diff.FR refers to differences in FR between NBC+ and NBC−. RC, resource conservation; RA, resource acquisition; HE, hydraulic efficiency; HS, hydraulic safety.



Compared to the period of high rainfall and recovery, NBC+ covered a narrower proportion of trait spectrum space during the period of initial severe drought, subsequent drought and windstorm disturbance, while NBC−covered a broader proportion within all probability thresholds. Long-term NBC+ covered a broader proportion of trait space than NBC− (Figure 6). In particular, NBC− trait space induced by subsequent drought increased continuously compared to the initial severe drought period. Notably, the windstorm-induced NBC+ trait space was narrower, while the windstorm-induced NBC− trait space was broader compared to the two drought periods. During the period of initial severe drought, subsequent drought, and windstorm disturbance, the differences in trait space between NBC+ and NBC−(Diff.FR = |NBC+–NBC−|) greatly narrowed for all probability thresholds. The windstorm-induced trait space for NBC−covered a broader proportion than those for NBC+ at 99% probability thresholds. The trait space occupation for NBC+ tended to consist of acquisitive species, while that of NBC−tended to consist of conservative species with high hydraulic efficiency at 50% probability thresholds (Figure 6). Notably, the βo values between NBC+ and NBC−decreased significantly over time and reached their lowest point during the recovery period (Figure 5D).






Discussion

The impacts of old forests on the global carbon cycle will not be replaceable if they are lost due to global climate change. Here, we used long-term demographic records spanning 26 years and multiple functional traits of 69 coexisting subtropical forest tree species to assess the responses of community biomass dynamics and plant trait spectrum space to climate change. We observed that the occurrence of drought and windstorm events interacting with air warming and elevated CO2 reduces biomass gains and increases biomass losses, resulting in more net negative biomass balances. The shifts in functional trait combinations resulting from various climate stresses show new dominant acquisition species with high hydraulic safety gradually emerged and established dominance in the old-growth community. Although compensatory growth was observed during and after drought and storm events, massive biomass loss reduced carbon storage and residence time, ultimately forming a positive carbon-climate feedback loop. Together, in addition to analyzing and expanding demographic biomass dynamics of an old-growth subtropical forest, applying trait-based approaches examines and predicts directional variation of current and future vegetation composition under global climate change. This study makes a substantial contribution to our understanding of community composition dynamics and the drivers of subtropical old-growth forests.




Climate change increases net negative biomass change

Growing evidence suggests that severe drought is one of the most consequential climatic extremes, exerting a significant impact on the terrestrial carbon cycle (Ciais et al., 2005; Reichstein et al., 2013; Zscheischler et al., 2014). Severe drought may lead to tree mortality directly through hydraulic failure, carbon starvation, or a combination of both (McDowell et al., 2008; Sevanto et al., 2014; Adams et al., 2017), or indirectly through increased vulnerability to forest pests (McDowell et al., 2008; Anderegg et al., 2012; Anderegg et al., 2015a). Severe drought significantly increases tree mortality and biomass loss through limited water availability across species and biomes (Allen et al., 2010; Peng et al., 2011; Anderegg et al., 2015a; Adams et al., 2017; McDowell et al., 2018; van Mantgem et al., 2009; González-M et al., 2020), and it also impacts overall forest structure, biodiversity, and ecosystem function (Anderegg et al., 2012; Anderegg et al., 2015b; Anderegg et al., 2020). Our results demonstrate that the initial severe drought triggers immediate and chronic biomass loss due to tree mortality (Figures 2A, 4N), constrains the biomass growth of survivors (Figure 4B), and ultimately increases net negative biomass changes in an old-growth subtropical forest (Figure 6B). Furthermore, forest biomass loss remains elevated during subsequent drought and recovery periods because the initial severe drought resulted in numerous cascading indirect effects (Figures 4O, P). This indicates that drought-induced mortality can occur immediately or may be delayed, and that biomass loss attributable to tree mortality remains elevated even after drought episode ends, congruent with studies of drought events in the Amazonian rainforest (Aleixo et al., 2019). Severe drought caused by reduced rainfall and warmer air temperatures increases mortality rates for up to two years after the climatic event, synergistically interacting with pathogens, insects, wind throw, and storm damage (Phillips et al., 2010). In particular, large trees are more sensitive to drought stress than smaller trees (Nepstad et al., 2007; Allen et al., 2010; Phillips et al., 2010; Zhou et al., 2013; Zhou et al., 2014; Bennett et al., 2015). Our results highlight that the relative proportions of biomass-dominant species in the old forest under dry conditions have continuously declined since the first census (Figure 2B).

Also, strong winds would cause leaf loss, tree collapse, and tree mortality, especially for trees that are less vigorous or have already suffered from droughts, pathogens, and pests (Aleixo et al., 2019; Yee et al., 2019). Our findings suggest that biomass loss caused by windstorm-induced tree mortality exceeds biomass gain produced by survivors and recruits (Figures 4E, K, Q), resulting in greater net negative biomass changes in subsequent years (Figure 6E). Climatic events cause tree mortality, cumulative physiological and mechanical damage, and the substantial accumulation of leaf litter and woody debris, thereby increasing nutrients available in the soil and potentially benefiting the biomass gained by survivors and recruits (Lodge et al., 1991; Steudler et al., 1991; Suarez and Kitzberger, 2010; Aleixo et al., 2019; Yee et al., 2019). Drought and windstorm events increase the biomass gained by survivors’ growth and facilitate the establishment of recruiting stems for the subsequent recovery period (Figures 4C–E, I–K). Increased water availability, climatic warming, and elevated CO2 concentrations are expected to enhance plant biomass gain and carbon sequestration in forest ecosystems (Ciais et al., 2005; Brienen et al., 2015; Luo and Chen, 2015; Chen et al., 2016; Hisano et al., 2019). Possibly, the increased growth of surviving trees resulted from the resources released as a result of increased mortality (Brienen et al., 2015; Luo and Chen, 2015). In fact, our results have demonstrated compensatory growth, that is, an increase in biomass growth from survivors and recruits both during and soon after drought and storm events. These mechanisms adequately explain the biomass losses and gains of this old forest in response to various climate change scenarios. Our findings demonstrate that drought and windstorm events increase biomass loss due to tree mortality, decrease biomass gain and even cause significant disruptions to the net carbon balance. These extreme climatic events substantially alter the forest structure and composition, erode the health quality of forest ecosystems, reverse carbon sinks to carbon sources and create positive carbon-climate feedback. That answers the first question we want to solve.





Climate change reshapes functional trait spectrum space across species

Plant traits associated with the whole-plant economic spectrum suggest that essential patterns of form and function across species can be captured by the two-dimensional spectra of multiple trait combinations (Lavorel and Garnier, 2002; McGill et al., 2006; Westoby and Wright, 2006; Diaz et al., 2015; Laughlin and Messier, 2015; Joswig et al., 2022). As such, quantifying plant trait spectrum space can better capture the breadth and adaptability of tree form and function (Maynard et al., 2022). This old-growth forest across species demonstrates that multiple trait combinations are fundamentally shaped by two main trade-off axes: resource acquisition-conservation and hydraulic safety-efficiency (Figure 3A). The widely distributed trait spectrum space across species reveals that greater plant phenotype diversity exhibits multiple alternative combinations and fitness levels under the same environmental conditions. Notably, acquisitive species inherently possess high leaf photosynthetic capacity, stomatal conductance, resource compensation points, capabilities for water and nutrient uptake, and relative growth rates compared to conservative species (Lambers and Poorter, 1992; Sterck et al., 2011). Dominant trees located in the canopy display high hydraulic efficiency, whereas shade- and drought-tolerant smaller trees exhibit high hydraulic safety (Poorter and Bongers, 2006; Prior and Bowman, 2014; Rüger et al., 2018). Likewise, we note that the plant trait spectrum space associated with high-biomass trees tends to include more acquisitive species with high hydraulic efficiency, whereas that related to low-biomass trees contains more conservative species with high hydraulic safety (Figure 3B).

The composition and variation of functional traits are shaped by climate variations, resource availability, and disturbance (Feeley et al., 2011; van der Sande et al., 2016; González-M et al., 2020; Lai et al., 2020; Laughlin et al., 2020). Over a 26-year period, climatic perturbations have a pronounced influence on functional trait space occupation in an old-growth subtropical forest. Both during and soon after extreme drought, the trait spectrum space for mortality biomass and recruitment biomass covers a broader range, whereas that for biomass growth covers a narrower range (Figures 4B, C, H, I, N, O). Additionally, a broader range of trait space is associated with negative than with positive net biomass changes (Figures 6B, C). Similar results have also been observed in tropical dry forests (González-M et al., 2020). During the initial severe and subsequent droughts, biomass loss caused by mortality is strongly negatively associated with net biomass changes (Supplementary Figures S1B, C). Prior studies have identified that drought-induced tree mortality is ubiquitous across multiple tree taxa, with less adapted species generating more net negative biomass balances (Allen et al., 2010; Anderegg et al., 2012; Anderegg et al., 2020; González-M et al., 2020). Plant functional traits related to hydraulic damage and stomatal control are useful predictors for the physiological causes of drought-induced mortality (McDowell et al., 2008; Mencuccini et al., 2015; Skelton et al., 2015; Anderegg et al., 2016; Adams et al., 2017). Additionally, the trait spectrum space for windstorm-induced mortality biomass is significantly broader than that for growth and recruitment (Figures 4E, K, Q), and even the space of negative net biomass changes is significantly broader than that of positive net biomass changes (Figure 6E). Moreover, tall trees with deep crowns and heavy weight are more susceptible to xylem hydraulic failure under water deficits and warming conditions. These trees are also more prone to being affected by windstorms. In this study, high-biomass species with high hydraulic efficiency caused by both drought and windstorm occupy more trait space for tree mortality (Figures 4N–Q). While two consecutive drought events increase biomass loss due to selective tree mortality, windstorms cause mortality biomass to cover a wider trait space and threaten more species. The dominant trait space of mortality biomass undergoes a transition from high hydraulic-safety species to high hydraulic-efficiency species, particularly in the presence of drought and windstorm events. This shift signifies the loss of fast-growing pioneer species within this diverse old-growth forest.Selective mortality of specific tree species drives long-term transitions in the dominant species and alters new plant-community assemblages, which can reset or shift successional trajectories (Kreyling et al., 2011; Anderegg et al., 2012). Specifically, biomass growth of surviving trees has a stronger positive correlation with biomass loss due to tree mortality during the initial severe and subsequent droughts, as well as after the windstorm (Supplementary Figure S2). It is important to note that widespread rapid mortality events and subsequent alterations could strongly impact tree species and functional composition of survivors and recruits under current climate change, altering the forest composition trajectory of existing communities. Our findings show that drought and windstorm events release stand resource space by removing overstorey trees with high hydraulic efficiency, which could potentially compensate for biomass growth of species with high hydraulic safety. The dominant trait space of biomass growth of survivors undergoes a transition from species with high hydraulic efficiency towards more species with high hydraulic safety (Figures 4D, G, M). Eventually, these transitions result in slow-growing tree species being dominant, thereby causing lower carbon sequestration.

Additionally, the dynamic process of tree establishment and growth is highly dependent on recruitment in species-rich communities. Small new recruits suppressed in the understory have a higher tolerance to shade and drought and a lower risk of hydraulic failure under dry conditions. To escape being shaded by competing or neighboring trees, newly established saplings or adult trees tend to grow more rapidly under increased understory light availability (King et al., 2005; Hérault et al., 2011; Iida et al., 2012; Rüger et al., 2018). Tree mortality caused by drought and windstorm events opens up the canopy, creating opportunities for new establishment and growth of understory components. These newly recruited trees with rapid resource acquisition ultimately have greater biomass gains (Figures 4B, C, E). We indeed found that biomass recruitment affected by drought and storm disturbance has exceeded that of the undisturbed, indicating a clear case of over-compensation. In combination, positive net biomass changes, consisting of both survivors and recruits, cover less functional trait space and include more acquisitive species with high hydraulic safety, both during and soon after climatic extremes (Figures 6B, C, E). Acquisition species with hydraulic safety often have shorter lifespans and higher turnover rates, resulting in faster carbon-water cycling and less carbon storage at the beginning of an extreme event and later in the year. Besides, the functional dissimilarities of multiple demographic dimensions are correlated with the increased availability of resources, such as increased rainfall, warming, and elevated CO2 (Figure 5E). Climatic extremes interact with subsequent drought, warming, and elevated CO2 to reshape function trait space in the forest ecosystem, which reduces carbon storage and residence time. Together, our study has offered a reasonable explanation for biomass composition and dynamics through trait-based approaches, addressing the second scientific question.






Conclusions

In a species-rich old-growth subtropical forest, the responses of multiple biomass dimensions and their functional trait combinations to multiple climatic scenarios are closely matched to the overall temporal period. Functional trait combinations are associated with the trade-offs between resource acquisition-conservation and hydraulic safety-efficiency. Climatic extreme events synergize with subsequent drought, warming, and elevated CO2 to alter long-term biomass dynamics and reshape new dominant trait space. In particular, acquisitive species with hydraulic safety increase biomass gain, whereas acquisitive species with hydraulic efficiency experience greater biomass loss due to increased mortality. In parallel, changing plant trait spectrum space suggests that ongoing climatic changes leads to a shift from being carbon sinks to carbon sources in the old-growth forest, with significant consequences for forest carbon cycle. Based on trait ecology, this study provides a framework to understand the responses of long-term carbon dynamics and vegetation composition changes to various climate change scenarios and underlying mechanism, filling in our knowledge of the forest degradation trajectories and future trends of subtropical forest communities under global climate change.
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Background

Understanding stand dynamics is essential for predicting future wood supply and associated ecosystem services for sustainable forest management. The dynamics of natural stands can be characterized by age-dependent growth and yield models. However, dynamics in managed stands appear somewhat different from that of natural stands, especially with difficulties in explaining the phenomenon of post-thinning overcompensation, based upon some long-term observations. Though overcompensation is an ideal outcome for the forest sector, it had been largely treated as an outlier and thus ignored or dismissed as “out-of-the-ordinary”.





Methodology

We developed a life history theory-based, state-dependent model of Tree Adaptive Growth (TAG) to investigate this phenomenon and verified that overcompensation should be a common outcome in post-thinning forest stands when the stand growth over time is sigmoid shaped. TAG posits that individual trees will invest proportionately more into growth following thinning because it is evolutionarily adaptive to do so.





Results

Our investigation of the model’s behavior unearthed diverse stand growth patterns similar to that which is observed in the empirical datasets and predicted by a statistics-based Tree’s Compensatory Growth (TreeCG) model.





Conclusion

A simple, theory-driven, analytical model, TAG, can reproduce the diverse growth patterns in post-thinning stands and thus assist addressing silviculture-related issues. The model can be applied to various jurisdictions even without detailed regional growth and yield relationships and is capable of incorporating the effects of other time sensitive factors like fertilization, pruning, and climate change.
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1 Introduction

Forests are extensively managed for the harvesting of wood, a material which provides many of the necessities of daily human life. In addition to this, forests are valued for their ecosystem services, which protect and maintain healthy environments. The dynamics of forests are a product of interactions between the growth of trees or forest stands and their environment, which includes physical site variables, natural disturbances such as fire and insect attack, as well as anthropogenic disturbances, which includes harvesting practices (Davis et al., 2001). Disturbances may result in immediate negative impacts on forests, which would compromise many of the benefits that forests provide. Our study focuses on the effect of thinning, a management practice that is a common anthropogenic disturbance, on forest stand dynamics.

Regional economic development often drives an increase in demand for wood materials and wood products (Buongiorno et al., 2003), and therefore presents a significant challenge to forest industries to maintain sufficient wood supply. To prevent over utilization of forest resources, a major component of forest management is to regulate harvest activities through annual allowable cut (AAC) for maintaining forest resources in a sustainable manner (Leuschner, 1984). An essential requirement for this AAC determination is a good understanding of long-term stand growth dynamics. Consequently, various growth functions have been estimated for natural stands of different tree species, site conditions, and geographical regions. However, the resulting growth curves necessarily are site-, and region-specific and lack generality, making prediction difficult as data acquisition on the local scale is logistically challenging. As a compromise, an assumption of same stand dynamics in natural and managed stands is generally made when developing management tools such as Woodstock of Remsoft (https://remsoft.com/woodstock-optimization-studio/) and Patchworks of Spatial Planning System (https://spatial.ca/patchworks/). Consequently, there is a need to improve our general understanding of stand dynamics in order to make accurate AAC estimation for managed stands in the context of anthropogenic disturbance.

A focus on disturbance tools for enhancing forest productivity will not only increase raw wood materials but also improve associated ecosystem services. This approach essentially addresses the question of “is it possible to increase natural growth of forest stands by judicious removal of some trees?” (Zeide 2011) that has attracted foresters for centuries. In forestry practice, a significant challenge for forest landowners and managers is the low productivity of forests which is a consequence of the slow growth rate of trees. Consequently, forest managers seek ways to speed up the growth and renewal of forest resources; tree removal or thinning is one such approach.

Disturbance ecology has elucidated how disturbances can affect tree and stand growth. However, the mechanistic responses of individual trees or stands of trees to disturbances remains poorly understood (McKenney, 2000). This presents significant challenges to sustainable forest management (SFM) decisions and carbon and GHG emission estimation because of the uncertainty involved in the post-thinning stand dynamics represented by the growth and yield relationships in managed stands. As an anthropogenic disturbance, thinning is a widely applied silviculture treatment for stand density management to produce the larger diameter trees that are desired by lumber industries. On one hand, thinning causes immediate loss of standing volume; and on the other hand, thinning promotes the accelerated growth of remaining trees (e.g., Bose et al., 2018).

There is a large literature focusing on thinning, in particular pre-commercial thinning (PCT) of smallest trees, the focus of this paper, which is mostly based on short-term observations as often required by guidelines (e.g., Reukema, 1975; Sohn et al., 2014; Elfstrom and Powers, 2023). A general conclusion Zeide (2011) reached as “after centuries of research and observations, we have learned that thinning, mostly from below, can increase merchantable but not total volume increment of trees per unit area”, and he continued “this knowledge is valuable but not satisfactory”. This summary reinforced Johnstone (1985) conclusion that “in all of the trials, the basal area and total volume of the thinned plots is well below that of the unthinned plots, but sufficient time has yet to elapse since treatment to indicate whether the thinned plots will ever catch up to their unthinned counterparts”.

By contrast with outcomes from these short-term observations, investigation into long-term silviculture datasets demonstrated that gross volume in thinned stands could exceed that in unthinned stands. For example, Steele (1955) found that the volumes from a thinned stand exceeded that from the control stand for a 20-year dataset of two young Douglas-fir stands in Skamania County of Washington, United States. This was also demonstrated in balsam fir (Abies balsamea (L.) Mill.) stands 42 years after thinning operations in the Green River of New Brunswick, Canada (Pitt and Lanteigne, 2008), and coastal Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) stands 40 years after initial treatments in the Shawnigan Lake of British Columbia, Canada (Li et al., 2018). In general, not enough attention has been paid to such results due to the difficulties in incorporation with existing results. Although these findings are derived from single sites, they nonetheless support Zeide’s (2011) suggestion that proper thinning can lead to enhanced stand productivity. To answer this question, a better understanding of the underlying mechanism(s) that generate this phenomenon is needed. This is where compensatory growth comes into play.

Compensatory growth (CG), a common cross-taxa phenomenon observed in both animals and plants, is defined as the accelerated growth of organisms after experiencing a period of unfavorable conditions (Mangel and Munch, 2005). CG has been well studied in crop and animal husbandry and is used to enhance productivity (Li et al., 2021), but it is a relatively new concept for forest practitioners. In forests, CG can be defined as accelerated forest stand growth after a stand experiences a loss of a proportion of the individual trees in a stand (Li et al., 2020). Li et al. (2018) used this concept to explain the enhanced costal Douglas-fir stand productivity in pre-commercial thinned stands 40-years after initial treatments. Recently, we described how CG following PCT has the potential to enhance forest yields (Li et al., 2020, 2021). We followed those synthetic reviews with data analysis that confirms that CG can predictably enhance productivity in real world forests (Li et al., 2022a). A simulation model named TreeCG, standing for Tree’s Compensatory Growth, was developed (Li et al., 2022b) to show how existing statistical growth and yield relationship from natural stands can be used to predict diverse stand growth curves in managed stands. As such, the observation of overcompensation, defined as the biomass in treated sites exceeds that in untreated sites, should not be seen as “out-of-the-ordinary”, but an understandable and predictable phenomenon.

The development of the TreeCG model was based on the variable-density yield table of lodgepole pine (Pinus contorta Douglas) (Johnstone, 1976) and can, in theory, be calibrated to different tree species and geographical regions using detailed local growth and yield relationships. However, this calibration is limited by the fact that not every jurisdiction has such detailed information readily available. Therefore, a logical next step is to develop a simple analytical CG model to eliminate the need for extensive calibrated datasets in order to apply this method to a wide variety of tree species and habitats. The key feature that allows one to move beyond the data is the incorporation of life history theory (LHT).

Here, LHT is used to build and implement a PCT – CG model that follows growth of individual trees in stands. LHT attempts to elucidate how natural selection designs organisms to maximize reproductive success, given knowledge of how selective factors in the environment (i.e., extrinsic mortality) and factors intrinsic to the organism (i.e., trade-offs, constraints) affect survival and reproduction (e.g., Stearns, 2000; Del Giudice et al., 2015; Simon et al., 2016), from an evolutionary biology perspective. In other words, it predicts how individual trees should invest in growth and reproduction under different circumstances, for example following a disturbance, to maximize their evolutionary fitness. It has successfully explained phenomena such as mast fruiting in trees (Lalonde and Roitberg, 1992) that were difficult to interpret with other theories. Elucidating the LHT response of individual trees to their environment allows one to extrapolate to the growth dynamics at the stand level.

Here, we present such an LHT-based state-dependent forest growth model. It assumes that trees will vary their energy allocations to growth, reserves, and reproduction as a function of physiological state (age, size and current reserves) and ecological circumstances (e.g., crowded versus thinned sites) in an adaptive manner i.e., to maximize lifetime reproductive success. This paper provides a proof of concept, state-dependent LHT model that can generate stand dynamics that mimic those observed in nature. Once confirmed, we then use this type of model to examine how optimal intensity and timing of PCT can enhance forest productivity.

The objectives of this manuscript are: (1) to present the LHT-based state-dependent forest growth model to show that this simple model can generate dynamics that are like those observed in nature; (2) describe the model behavior through a series of sensitivity analyses, to show how different factors could influence the outcomes of post-thinning stand dynamics; and (3) discuss the trade-offs of different approaches of modeling stand dynamics and their management applications.




2 Materials and methods



2.1 Theory rationale

As discussed in the Introduction, our model of thinning-driven stand dynamics is based upon state dependent life history theory for individual trees, which are then extrapolated to the stand level. We focus on three trees states: size (S), reserves (R) and age (A) whose units are defined as kg, kg and years, respectively (in section 2.2, Equation 12, we transcribe size to volume to bring in line with traditional forestry approaches). A fourth state variable, competitive ability (ψ), enters into stand-level dynamics described in the following paragraph. How trees respond to A, S and R states is modelled via incorporation of four important life history assumptions: (i) innate tree growth follows a sigmoidal pattern (see Weiner and Thomas, 2001), (ii) based upon principles from evolutionary ecology, we assume that tree growth strategies have evolved to maximize lifetime reproductive success (Davies and Krebs, 1993), (iii) individual trees will acquire resources and modify their investment in growth in a state dependent manner according to (S), (R), (A) (see Equations 1-3 below) and (iv) there are no genetic constraints on the above i.e., we play the phenotypic gambit (Grafen, 1984), which assumes that selection on phenotypic variation translates directly into selection on heritable variation in the population. Finally, though we do not explicitly say so, we assume that there is an underlying tradeoff between growth and reproduction (e.g., Kassaby and Barclay, 1992) though we acknowledge that such a tradeoff is often not obvious (e.g., Harshman and Zera, 2007; Suzuki et al., 2019).

We assume that individual trees at a given combination of our three state values (S, R, A) will adopt a resource allocation strategy. Thus, a focal tree, n, in population of N trees with state variables S = s, R = r and A = a will grow in an adaptive manner as follows:

We expect that trees will mobilize reserves for growth and reproduction, at a rate that we define as alpha (α).



Where: Rmin is the minimum reserves value for a tree of size (s), with s, r and a defined as above and W values are weight constants for the state variables (see Table 1 for a list of variables and their values). For a tree of a given size (s), we expect that α will increase with size, reserves and age up to some maximum that never causes the focal tree to exceed its critical reserves state value (Rcrit), which is the minimal level to maintain metabolic function. Here our reasoning is: (i) trees cannot forecast weather conditions for the current year and (ii) trees are risk averse and will never mobilize so many reserves so to put their survival at risk should the current year’s weather turn out to be poor for energy harvesting (see Clark’s asset protection principle, Clark, 1994).


Table 1 | List of parameters employed in life history functions and TAG simulation model.



We define beta (β) as the proportion of mobilized reserves that go to reproduction versus growth:



Where π is the start-up cost for initiating reproduction and the W’s are weight constants for size and age states (Table 1).

Here, we assume two effects of size. First, it is necessarily true that small trees have small reserves such that R will rarely exceed π, meeting the β = 0 condition. Second, small trees are not efficient at producing seeds (e.g., Sherman et al., 2019) thus, we have set the size weight (W3) low (Table 1). Regarding age weight (W4), we further assume that older trees should strongly bias their mobilized reserves to reproduction because future discounting (e.g., Lee et al., 2011) will offset small gains from growth particularly if older trees are large, thus, we employed a small value for W4.

We define phi (φ) as the allocation of harvested energy to growth versus reserves.



where:   (equation 3.1) and   (equation 3.2), based upon size and reserves, respectively. In addition,   (equation 3.3) and   (equation 3.4) are potential updated values for size and reserves, respectively and ξ is defined as the efficiency in mobilizing reserves to structure (see Equation 7).

Here, three conditions hold: Sufficient reserves remain after metabolic costs and reproduction start-up cost are paid and allocation to reserves does not exceed the maximum reserve level after adjusting for energy harvesting (γ). Otherwise, φ is adjusted to meet those minimum and maximum reserve levels, respectively with γ and π being functions of tree size. The rationale for the φ decision is: as trees increase in size, their growth rate decelerates (Weiner and Thomas, 2001) thus there is little gain from investing in growth vs building up reserves for reproduction (Lalonde and Roitberg, 1992).

All three of the above state-dependent strategies can be summarized as: invest in growth when that leads to accelerated returns but only when reserves are sufficiently high to avoid starvation i.e., metabolic reserves fall below critical level. When trees are large and growth is constrained, trees are assumed to invest in reproduction when it is safe to do so because of the greater return on investment for the latter. Also, future discounting means that future reproductive returns from current investment in growth will be constrained for older and larger trees (Equation 2).

We employed Equations 1-3 in simulations of stage-dependent tree growth, which we refer to as Tree Adaptive Growth or TAG. Details of the TAG model follow.




2.2 TAG model development

We developed an agent-based simulation model using C++ language, which is shown in flow chart form in Figure 1. Here, we simulated small stands of (N = 100 giving a starting density of 2500 stems/ha) trees that were subjected to silvicultural practices including pre-commercial and commercial thinning. We assumed that each stand was comprised of lodgepole pine (Pinus contorta) though we expect that our model could be employed for any tree species with known growth parameters or, potentially, mixed stands. The TAG model is similar in spirit (but not detail) to the DESPOT model of Buckley and Roberts (2006) in that individual trees are assumed to maximize some goal, in their case carbon gain and in ours, lifetime reproductive success.




Figure 1 | A flow chart for an agent-based Tree Adaptive Growth (TAG) simulation model. Description of parameters and their default values can be found in Table 1.



Each stand was planted with identically aged individuals at year=0. The size (mass in kg) of each tree was randomly generated from a normal distribution (x=15, sd=5). Tree reserves (mass in kg) were generated from a uniform distribution (1,5). The simulation tracks size (S), reserves (R) and cone production (Λ), if any, each year for 200 years.

We employed a ‘weather’ concept to describe conditions that impact growth i.e., energy and nutrients that are harvested by trees for growth and maintenance. Our weather concept was created for characterizing the distribution/spectrum of favorable to unfavorable environmental conditions and such causative agents as variation in hydrological factors, heat stress or insolation. As many (most) of these factors show strong autocorrelation, we chose to use a single parameter in this proof-of-concept model, rather than breaking ‘weather’ into component effects.

At the beginning of each year, weather is randomly drawn from two vectors ςs and ςf, which refer to weather intensity and frequency, respectively (see Table 1 for details). Tree growth for any individual tree is a product of growth potential (Equation 4) and weather intensity for that year. We assumed that, in a given year, weather intensity is identical for every tree in a stand i.e., our model is aspatial (see Discussion).

At the beginning of each year, each tree is subjected to a random mortality event by individually drawing from a uniform distribution (0,1). If the random number falls above a preset default- annual-survival value, then the tree dies. For our runs, the default value for annual survival was set at 0.998. While this survival value is a constant, it is also possible for a tree to die if its reserves fall below a critical value, Rcrit, which would happen most frequently when an individual’s R state is low, weather is poor (see Table 1) and the focal individual is a poor competitor (Equations 5 and 6), thus the assumption of risk averse investment and reproduction as above. In these simulations, we assumed that Rmin = Rcrit H.

where: H describes the degree of risk aversion.

Following the mortality evaluation, the time counter for the current year was compared with the pre-determined time step for PCT (e.g., year = 15). If the current year was determined to be a PCT year, then individual trees were removed according to specific rules - in default simulations, the quartile of smallest trees were removed i.e., thinning from below; other thinning rules were also applied as discussed in section 2.3.vii. Late PCT was applied in a similar manner for trees later in the simulation.

Trees that survived random mortality and were not thinned were allowed to grow according to a modified logistic model where the potential growth increment for a tree of size (s) was:



Where: ρ is the intrinsic growth rate, Smax is the maximum mass that an individual tree can realize (but see Bontemps and Duplat, 2012; Stephenson et al., 2014), θ is a shape parameter and ς is a senescence term that describes decreasing energy harvesting with age (e.g., Hubbard et al., 1999; Qiu et al., 2021 but see Lanner and Connor, 2001).

To determine our default value for ρ, we initiated simulations with ρ= 1.0 and then iterated a series (1.0, 1.20), increasing by 0.01 for each iteration and then plotting the stand volume against time from 0 to year 200. Since our goal was to produce a representative growth curve we visually confirmed that the TAG stand dynamics produced a sigmoidal plot as shown by existing growth and yield models like GYPSY (Huang et al., 2001, 2009) in Alberta (AB) and VDYP7 (British Columbia Ministry of Forests, Lands, Natural Resource Operations and Rural Development, 2019) in BC. Three features that we considered were, (i) the point of obvious acceleration in the growth curve, (ii) the inflection points (representing the change from the accelerating to the decelerating part of the growth curve) and (iii) maximum value of the growth curve for an unthinned (control) plot. In our case, the 15 m3/ha, year 50 and 600 m3/ha were used, respectively. Figure 2 shows the TAG output that that we used based upon these criteria. In the end, we chose ρ = 1.12, the value that gave good representation of stand dynamics. In the default model, we assumed that θ =1 i.e., there is a linear decline in per unit mass growth with tree size, yielding a classic symmetric growth increment curve. In some simulations, we modified θ to give right or left skew to the size performance curve.




Figure 2 | Mean stand volume over time from 5 TAG simulated unthinned (control) stands.



We further modified an individual’s potential growth increment from energy harvesting by including competitive performance. We assumed maximum performance for a tree with no competitors whose value declines with increasing density of competitors over time according to the function:



Where: N0 is the number of trees at planting (year = 0) and Ny is the number of trees at year y and τ’ is a shape parameter for the function and ψs,n,y is relative competitive ability of a tree, n, of size s in year y, which is defined as:



Where: sn,y is the size of a focal individual tree n at year y and Sy is mean tree size for a stand at year y.

Once the potential growth increment was calculated for a given tree of a given size (s) and reserve (r), new size and new reserve state values were calculated according to the three allocation rules (α, β and φ) as discussed in section 2.1.

A tree can also increase its structural mass by mobilizing reserves (β< 1 Equation 2). In doing so, we assume that there is some inefficiency in such mobilization, which we define as ξ i.e., ξ< 1.0. Thus, growth from reserves in year y is:



Reserves are decremented when trees pay maintenance costs, which we assume are size dependent. Thus, for a tree of size S, maintenance costs are:



Where: ω is the per unit mass cost of maintenance I n this version of our theory, we set ω to 0 based upon the assumption that maintenance costs are already subsumed in the growth function (Equation 4). Future work, may explicitly separate the two parameters.

In years in which an individual invests in reproduction, i.e., β > 0, we assume that there is a linear size dependent cost to reserves from initiating reproduction, which we define for a tree n of size S in year y as:



Where: ϵ and ϵ’ are the initiation slope and intercept, respectively.

From Equation 1 through 9, we can calculate (Equation 10) the size and reserves (Equation 11), respectively of an individual tree n in year y+1 based upon its size in year y as:



and



The simulation produces an even-aged stand of trees whose size distribution changes from year to year. There are several factors that generate individual size differences among trees. First, trees vary in size and reserves at initiation. From there, based upon absolute and relative size, and reserves, trees vary in their capacity to harvest energy but also in their tendency to allocate their harvest to growth, reserves and reproduction.

The process was repeated until either the year counter reached 200 and the entire stand was harvested, or no longer held any viable trees.

For each series of simulations described below, we replicated the treatment in 10 different even-aged stands, 5 stands for non-thinned controls and 5 stands for PCT. Each stand was originated using a unique set of random number seeds, however, identical random number seeds were employed for pairs of control and treatment stands. As such, each pair of stands generated identical dynamics up until PCT was implemented, confirming that any differences observed were due to treatment effects and not stochasticity.

To make our model relevant to forestry practices, we converted tree size to volume (V) by the following physical equation:



where: D = wood density, which is species specific, in this case, for pine, is 455 kg/m3 (https://www.thecalculatorsite.com/conversions/weighttovolume.php).




2.3 Model implementation

For each simulation, we considered two different management tactics: (i) no pre-commercial thinning (from here on referred to as Control) and (ii) PCT as described in section 2.2.

To demonstrate the utility of our approach we used the simulations in the following manner:

	(i) We plotted mean volume for trees from both thinned and control plots to demonstrate that stand-level compensatory growth is determined by enhanced growth of remaining trees;

	(ii) We plotted stand volume curves, over time, to show that overcompensation occurs relative to the Control stands;

	(iii) We varied the size dependent growth rate shape parameter θ (Equation 4) to evaluate how it impacts the degree of overcompensation;

	(iv) We varied (0.2, 0.25, 0.3, 0.35 and 0.4) the inter-tree competition shape parameter (τ’) to evaluate how it impacts growth curves;

	(v) We varied the timing of thinning (at years 15, 30, 45 and 60) to evaluate impact on overcompensation;

	(vi) We varied the intensity of PCT (25, 50 and 75% removal) to evaluate their impact on overcompensation. The intensity of thinning is defined as the rate (or % of removal) at which the number of trees are removed: thinning intensity (%) = number of trees removed/stand density x 100. When the stand density is fixed in our model experiment, the absolute density can be directly calculated from the thinning intensity;

	(vii) To evaluate the impact of thinning protocols we ran a further set of simulations wherein PCT was randomly applied to trees. In both sets of simulations (i.e., smallest quartile removal and random removal) the size of each of the culled trees was included to determine subsequent average tree size and thus impact on growth of remaining trees (Equation 6). However, since the model is aspatial, we did not calculate removal of any specific tree on growth of near neighbors.






2.4 Data analysis

Standardized relative growth (SRG) (Equation 13) is a proper indicator of the status of compensatory growth. We calculated RG to show the pattern of stand growth in thinned plots respect to control as follows:



Where Vthinned and VControl are stand volumes for thinned and control plots, respectively. By definition, under compensation is denoted when SRG is less than 0, exact compensation happens when SRG equals to 0, and overcompensation is showed when SRG is greater than 0.





3 Results

i) Does PCT generate compensatory growth at the individual tree level?

Figure 3 shows the change in mean volume of trees over time. In this figure, thinning occurs at Year 15 in the thinned plots (see inset). Several features of this plot should be noted. First, as expected, trees in the thinned and control plots grew at an increasing rate for nearly 50 years. Second, following thinning, mean volume of trees in thinned plots exceeded those from control plot trees for the length of the simulation. Third, the inflection point in the growth curve for trees in the thinned plot sits to the left of that for trees in the control plots (ca. year 40 vs 50). Eventually, however, both plots show trees approaching asymptotic size.




Figure 3 | Mean tree volume over time from TAG simulated stands that were either subjected to pre-commercial thinning of 25% at year 15 (solid line) or left unthinned (stippled line).



In the Introduction, we posited that compensatory growth could be generated by adaptive life history response to internal and external tree state. Equations 1 and 3 (α and φ, respectively) predict enhanced proportional investment in growth, primarily from harvested resources but also from reserves. Small trees that are released from intense competition due to thinning (natural or otherwise) should invest proportionately more in growth than do controls because increased harvest reduces their risk of reserve depletion. To test this supposition, we employed two metrics mean φ and coefficient of variation for φ (CV), which we evaluated for the 25 years following PCT. As expected, mean φ values for thinned trees exceeded those for controls (0.57 vs 0.44 m3, N = 125 i.e., 5 replicates per treatment x 25 years). This confirms that overcompensation is due to thinned trees investing proportionately more of their harvested energy into growth as compensatory growth (Mangel and Munch, 2005) i.e., increased growth performance cannot simply be ascribed to reduced competition among trees. We noted one other feature of φ that was not obvious during theory development. Coefficient of variation was greatly reduced in thinned stands versus controls (0.15 vs 0.55, N = 125) (see Bose et al., 2018). Our interpretation is that thinned trees are unconstrained from consistently investing adaptively in growth whereas being risk adverse, control trees only do so in sufficiently good weather years (see Equation 3). As risk aversion (H) and variability in weather increases, so should the relative difference in φ mean and CV, initially and then they should converge as the perceived risk to thinned individuals impacts φ. However, it is important to recognize that both thinned and control trees do respond adaptively to their circumstances, however, control trees are constrained from expressing consistent investment as discussed here.

Finally, differential volume increases between thinned and control plot trees that we observed is not guaranteed; under some conditions we would expect individual trees to allocate increased resources (via reduced competition in thinned plots) to reserves instead of increased growth thus eliminating differences among trees between plots. This may be especially true if stress is severe or long lasting (e.g., Lv et al., 2022).

ii) Does the TAG model generate stand-level overcompensation?

Figure 4 compares stand-level output over time for (non-thinned) control and for stands pre-commercially thinned at 15 years after onset. Despite a 25% reduction in tree population size at that point, the thinned population stand volume exceeds that of the control population within 5 years of thinning, clearly demonstrating overcompensation, faster than has been found empirically (see Discussion for plausible biological explanations for this quantitative discrepancy). Note, the inflection point in the growth curves sits to the left (ca. year 40) for the thinned plot versus the control plot (ca. year 60). Also, note that given sufficient time, the TAG model predicts that control stand volume will meet and exceed that of the thinned stand as the smaller number of trees in the latter express asymptotic growth though we are not aware of any data sets that are followed over sufficiently long periods to confirm this prediction.




Figure 4 | Stand volume over time from TAG simulated stands that were either subjected to pre-commercial thinning of 25% at year 15 (solid line) or left unthinned (stippled line).



Another way to visualize the impact of PCT is to plot relative growth for each treatment (Equation 12). This is shown in Figure 5. It is obvious that soon after PCT is applied that the thinned stand shows overcompensation, eventually by 300%. Though this value is higher than is found in nature, the qualitative pattern holds i.e., initial performance of thinned plots falls below that controls, which is followed by overcompensation, which peaks at the inflection point in the thinned plot growth curve while the control plot continues to grow at an accelerated rate for another 20 years. Eventually, control plots show higher gross volume simply because they harbor more trees.




Figure 5 | Standardized relative growth rates for stands over time from simulated stands that were either subjected to pre-commercial thinning of 25% at year 15 (stippled line) or left unthinned (solid line).



iii) How does the size dependent growth rate shape parameter θ impact stand level productivity?

We varied θ from 0.6 to 1.4 in steps of 0.2 and plotted stand volume (m3)over maximum lifetime of stands (200 years) that were thinned by 25% at Year 15 (Figure 6). In response, every stand produced sigmodial growth. This is not surprising since the growth model for individual trees is based upon a logistic growth curve that is modified by the aforementioned life history adjustments and changes in stand density. The best performing sites were those whose trees are relatively insensitive to their own tree size when such trees are small. When such trees are partially released from inter-tree competition via PCT, they gain more benefit than those trees whose growth is suppressed due to within tree competition for resources. It is not possible to directly compare the effect of this parameter for thinned trees against default control trees since the latter trees would also be affected by a change in this shape parameter. To get a sense of this parameter on the PCT effect, we compared stand volume for thinned versus control at Year = 50 for θ 0.6 vs 1.4 in both types of stands. We observed a nearly 200% increase in both cases (200% vs 190%, respectively) i.e., the PCT performance effect is relatively insensitive to the within-tree growth shape parameter though it clearly impacts tree growth (Figure 6).




Figure 6 | The impact of within-tree size dependent growth (θ = 0.6, 0.8. 1.0, 1.2, and 1.4) on stand volume from TAG simulated stands that were subjected to pre-commercial thinning of 25% at year 15.



iv) Does inter-tree competition impact stand level productivity?

To provide more insight into stand growth, the next plot (Figure 7) shows stand performance sensitivity to within-stand inter-tree competition when the shape parameter (τ’) varied from 0.2 to 0.4. As expected, stand volume increased more rapidly when inter-tree competition was relaxed. As in 3.iii, it is not possible to compare directly with the default Control stands because their values would also be impacted by τ’. Further, as directly above, to get a sense of this parameter on the PCT effect, we compared stand volume for thinned versus control at Year = 50 for τ’ 0.2 vs 0.4 in both types of stands. In both cases (3.0 vs 2.8., respectively) i.e., the PCT effect is relatively insensitive to the within-stand, inter-tree competition shape parameter.




Figure 7 | The impact of inter-tree competition when the shape parameter (τ’) varied from (0.2, 0.25., 0.3, 0.35 and 0.4 - see Equation 5) on stand volume from TAG simulated stands that were subjected to pre-commercial thinning of 25%.



v) Does the timing of thinning impact overcompensation?

Figures 8i, ii shows absolute and relative growth curves, respectively for stands at 5 levels of timing (Years 15, 30, 45, 60 and 0 (Control)). Several features can be seen: First, all plots show sigmoidal growth as expected (Figure 8i), second, all thinned plots show overcompensation (Figure 8ii) and third, plots thinned early, perform better than plots thinned late (e.g., compare year 15 vs year 45 thinned plots) both in absolute and relative terms.




Figure 8 | The relative (left) and absolute (right) impact of timing of thinning (Year - 15, 30, 45, 60 and Control) on stand volume from TAG simulated stands that were subjected to pre-commercial thinning of 25%.



vi) Does the thinning intensity impact overcompensation?

Figures 9i, ii shows absolute and relative stand level performance, respectively as a function of thinning intensity, which varies from 0 to 75% removal of the smallest trees at Year 15. Several features can be gleaned from these figures. First, as percentage culling increases there is an inverse response in terms of asymptotic value (Figure 9i). This is simply due to a smaller population of trees resulting from increased thinning, with all trees approaching their maximum size and thus the concomitant impact. Second, immediately following thinning, there is undercompensation, at the stand level, and it takes longer for stands to move into the overcompensation region under heavy thinning intensity (Figure 9ii). Finally, under heavy thinning intensity, there is a very short time window where overcompensation occurs (Figure 9ii). Again, this is due to the small number of trees in the thinned plots approaching their asymptotic size and, as such, gross volume declines slowly along with the occasional death of one of those trees.




Figure 9 | The absolute (left) and relative (right) impact of thinning (25%, 50%, 75% and Control (0%)), at Year = 15, on stand volume from TAG simulated stands that were subjected to pre-commercial thinning.



vi) Does thinning protocol impact stand level growth?

Figure 10 compares growth in thinned and control plots when two different strategies were employed, the default removal of the smallest quartile of trees versus random removal of trees at the year of thinning. The resultant difference from these two approaches is minimal with both tactics outperforming the controls. Our reasoning for this non-obvious, minor-protocol effect is as follows: removing the smallest quartile of trees necessarily increases the mean size of the remaining trees thus reducing the competitive ability of survivors - recall that individual performance depends upon relative size (Equation 6 and section 3.iv).




Figure 10 | The impact of thinning protocols (smallest quartile, random removal of 25% of living trees and Control) on stand volume from TAG simulated stands that were subjected to pre-commercial thinning at year 15.






4 Discussion

Compensatory growth is a well-known phenomenon for a wide variety of organisms from both the plant and animal kingdoms (e.g., lima beans (Phaseolus lunatus) - Bustos-Segura et al., 2022 and cattle (Bos taurus) - Keady et al., 2021). This includes trees both at the individual and stand level (e.g., Li et al., 2018). However, as has been noted on several occasions, the dynamics associated with compensatory growth of forests can vary dramatically depending upon intrinsic (i.e., species specific) aspects as well as site characteristics. Thus, there is a need to provide general models that can explain this phenomenon and can be used to optimize forest growth potential. In this paper, we developed a simple model of tree growth, TAG, that is based upon life history theory for long-lived trees and can be extrapolated to the forest level. Moreover, the TAG model can incorporate PCT to take advantage changes in growth in response stand density.



4.1 The model

The primary goals of this paper are: (i) as a proof of concept, develop a biologically-based theoretical model for tree and stand growth (TAG), (ii) demonstrate that the TAG model generates stand dynamics similar to that found in nature, (iii) demonstrate that stands that experience thinning can overcompensate under some conditions and (iv) explore the sensitivity of the compensatory growth to some easy-to-implement management tactics (e.g. intensity of thinning) as well as inherent characteristics of different tree species (e.g. sensitivity to crowding).

Based upon evaluation of the TAG model, the following insights emerged: (i) compensatory growth, following thinning (natural or otherwise) occurs readily especially early on in the life of a stand, (ii) the window for overcompensation narrows inversely with the intensity of PCT simply because increased performance by individuals is negated by reduced numbers of such, (iii) early PCT is beneficial because increased investment in growth is most readily observed during the accelerating part of the growth curve, (iv) results from the various sensitivity analyses were in line with expectations and (v) relative performance of thinned stands were higher than those observed in nature (see below). Finally, an important insight from employing individual trees was that the ‘catching up’ response of surviving trees, post-PCT (Figure 2), can be explained by such individuals gaining greater access to limiting resources and investing more of those resources into growth because it is safe to do so i.e., low risk of draining reserves. We would not have identified this crucial mechanism had we not employed an agent-based, life-history driven approach.

As shown in section 3ii, the overcompensation generated by the TAG model was nearly two to three times larger and two to five times faster, depending upon PCT treatments and site conditions, compared to observations from the Shawnigan Lake trial (Li et al., 2018), as has been observed in managed stands (Figure 4). There are several biologically plausible explanations for this discrepancy. First, values from the simple inverse relationship between crowding and growth (Equation 5) that we employed may have been too high. It is possible that other factors in the environment (Bennett et al., 2017) may ameliorate stress from crowding. Second, we employed an aspatial model, for heuristic reasons, but in doing so, we implicitly assumed a sized-biased, scramble competition for those resources that are forfeited by the now-culled trees (Kato et al., 2007). This might be a reasonable approximation for mobile organisms but it is too simplistic for sessile ones and would lead to overestimates of resource accrual within the stand (Husband and Barrett, 1996). Third, we assumed no limiting resources (e.g. nitrogen) to growth other than those competed for (e.g. energy, water, etc.) in the aforementioned competition. Fourth, as is often the case in heuristic models, we assumed near instantaneous access to resources that were freed up via the thinning process. Fifth, while there is an implicit effect of year-after-year stress in our model via Equations 1-3, there is no explicit assumption that long-term stress has cumulative effects, which would make compensatory response more difficult (e.g., Lv et al. 22). If any or all of the above assumptions were relaxed, that would lead to slower and less uptake of resources by trees in the thinned plots and would necessarily reduce resource harvest and the LTH allocation value for the parameter φ, which, in turn, would reduce magnitude and speed of overcompensation. Further, we assumed that survivorship would be equal in both thinned and control plots however, windthrow could increase soon after thinning, further reducing the number of trees and thus initial thinned stand productivity (Bose et al., 2018). Finally, again, for heuristic reasons, we employed simple baseline growth curves whereas further modification using specific allometric descriptors (e.g., Kramer et al., 2018) may have reduced the gap even further between thinned and control stands though we would still expect to observe the signature of overcompensation. All of these simplifications could be remedied without changing the tenor of our approach but that would reduce the generality of our model, which was the primary goal of this proof-of-concept exercise.

Further to the discussion above, it is possible to increase the reality of the TAG model without losing its generality however doing so would sacrifice some of its elegance. For example, suppose we wish to move from single-species to mixed-species stands; that would require that we rewrite Equation 5 from the original   (Equation 5) to  (equation 5.1) and Equation 6 from the original   (Equation 6) to  (equation 6.1).

The interpretation is that we now have accounted for those different species (or varieties) of trees of which there are V types (v = 1, 2, 3…V) each with average size s in a given year y which must be further weighted by both their interspecific competitive ability (λv) against the focal individual and their relative density. To account for different size classes would require another summation term that would cycle through those size classes within each tree variety.

As can be seen from this discussion, it is certainly possible to modify the TAG model to include diverse forests, however the complexity from doing so increases dramatically particularly with regard to statistical analysis and/or visualization given that we would have now added more dimensions to the problem. The same can be said for some of the other simplifications that we have employed, for example, the assumption of a non-spatial world. Even if spatial representation is included, there are practical limits to degree of resolution. For example, in Guignabert et al. (2023) spatially-explicit, forest dynamics model, seedlings were binned into size classes within 10m2 plots to reduce computational challenge.

At least two possible criticism of the TAG model need to be reconciled. First, TAG is generic and cannot be directly employed to make silvicultural decisions, for example, the exact amount of thinning that should be applied to a particular stand. We fully agree that this model is only the first step toward developing a comprehensive PCT silviculture system and as such we have described it as proof of concept. At this point, we cannot say how broadly applicable TAG will be across a range of tree species an environments however most of the parameters that we employed are measurable thus it should yield testable predictions. Second, we have made a number of reasonable assumptions while deriving the TAG model some of which are untested. We hope that development of this novel theory will generate interest in parameters that until-now have garnered little attention.

On the other hand, the major contribution of the TAG model development is to confirm that a simple theoretical model can provide meaningful explanation and predict the compensatory growth phenomenon including overcompensation in post-thinning forest stands and the possibility of stand productivity enhancement. In particular, overcompensation has been difficult to understand and explain in the past but here it is seen as the simple outcome from enhanced resource access and disproportionate investment resource accrual into growth by trees in thinned plots. As we have noted, the simulation results are consistent with existing observations in both short and long term, without digging dept into very detailed physiological processes or waiting for corresponding empirical observations become available. The results presented in this paper reinforce the conclusions from the statistical approach of the TreeCG model with a verification from running the operational TASS model (Li et al., 2022b). These duel approaches can help speed up our understanding and predictability of complex forest dynamics in both natural and managed stands.




4.2 State dependence is key

A feature demonstrated in the TAG model development is the modeling approach of state-dependence (e.g., Li et al., 2020), which means that tree growth is determined by yearly changes in internal and external/environmental conditions/states, such as the internal states of tree size, age, and energy reserve, and the external states of available level of nutrients and fluctuations in weather variables. The advantage of this state-dependent modeling approach is the possible incorporation of adaptive growth/responses of trees during their long lifespan, with which the growth of trees is no longer a fixed function of tree age and site index as shown in many forest growth and yield models such as VDYP7 of BC and GYPSY of AB, Canada, but rather the results of a continuous trade-off process within a changing environment as indicated by the life-history theory. In this case, plant growth is closely related to resource capture and allocation over time  (Thomas, 2002). In this paper, we finessed (i.e., no explicit optimization) state-dependent dynamic life history responses  (Clark and Mangel, 2000) via the α, β and φ functions to describe the adaptive responses of individual trees to changing environment and this approach generates understandable, stand-level growth patterns. However, even using this finessed approach requires detailed calculations that take more time than that from conventional growth and yield models, but each simulation run can still be completed within a few seconds using a personal computer. The incorporation of these adaptive growth functions makes it suitable for exploring the effect of other time sensitive management operations such as fertilization and pruning, as well as addressing climate change related issues. (Note that our approach makes assumptions regarding the shape and direction of tree responses to their states. An assumption-free approach to calculating optimal response requires searching the fitness surface via backwards induction as explained by Mangel, Clark and others (Mangel and Clark 1986; McNamara and Houston, 1986). Another option for adding more realism and searching resultant complex fitness surfaces would be to employ genetic algorithms (e.g. Chubaty et al., 2013) again with the possible expense of losing some heuristics.

The state-dependent modeling approach is relatively new and unfamiliar to many foresters but promising in a sense of not only harmonizing the feature of conventional growth and yield modeling approach, but also opening the door for investigating how trees might respond to their changing environments, so as to be capable of addressing additional related issues. The state-dependent modelling approach has been widely employed in the field of behavioral ecology for representing how the behavior of animals could be explained as a result from response to specific environmental conditions. Many examples can be found from elucidating response to danger in tiny parasitoid wasps (Asobara tabida) (Roitberg et al., 2009) to explaining flexible torpor in insectivorous bats  (Fjellddall et al., 2023) to evaluating impact of anthropogenic disturbance on adaptive foraging in beluga whales (Delphinapterus leucas) (McHuron et al., 2023). The research approach from behavioral ecology has recently been expanded to plants  (Cahill, 2015; Simon et al., 2016), and this multi-disciplinary approach has demonstrated the benefits in enhancing our understanding of the dynamics of various ecosystems. Our current study is an example of this approach.




4.3 Future applications

The general stand growth patterns simulated by our TAG model can be widely applied as long as the growth curves from natural stands display a sigmoid shape. Thus, the calibration of this life history theory-driven TAG model could be much simplified compared to statistics-driven models such as TreeCG and hence widely applied to many jurisdictions without detailed stand growth relationships. This feature could serve as a complement to experimental approaches in a sense of providing a theoretical prediction even before implementing these experiments. As such, simulation results from carefully designed TAG model experiment could help address silviculture-effect related issues such as optimal thinning strategy leading to maximized productivity and optimal spacing in achieving the goals of stand density management, and could provide useful insights for improved field experiment designs, as well as for supporting forestry policy development and practical forest management decisions to mitigate the challenges from wood supply shortage. This modeling approach can also be applied to investigating the effect of other disturbances such as fire and insect pests, as well as other species of plants and animals with sigmoid growth pattern, especially those with long lifespans.

As an example of future applications of the TAG model, consider climate change. As a starting point, we envision the following in an attempt to retain generality while focusing on specific problems: in our ‘weather’ parameter, we assumed that climate is stable and weather can be drawn from a likewise stable distribution. To deal with climate change, we would draw from two two-dimensional matrices (ςs,y and ςf,y) based upon data from Coupled Model Intercomparison Project (CMIP6) (https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=CMIP6) or similar, that assumes a changing climate rather than a stable one. The challenge in doing so will be to extrapolate change in tree growth performance as a function of changing climate.

Finally, as is the case with many theoretical studies, we have generated many new questions, especially those related to PCT and compensatory growth. A few of those include: (i) Since the adaptive compensatory growth response depends greatly up release from crowding stress, can this feature be generalized (see Equations 5 and 6) or will they be unique among species and sites? (ii) Similarly, will such stress show as simple additive functions or will they display emergent properties in mixed stands? (iii) Since climate will change necessarily advance much faster than the evolution of tree life history traits unlike short-lived plants (e.g. Acoca-Pidelle et al., 2023), can we employ models such as TAG that include contemporary tree life history values to navigate the many management obstacles that await us, at least in the near term? (iv) Can the post-thinning stand dynamics be extended to post-disturbance, including fire and post-pest-driven stand dynamics, especially if trees are incapable of distinguishing the causes of partial mortality from different types of disturbances? (Note that Arimura (2021) reviewed plants’ response to herbivore elicitors that triggered plants unique defense mechanism that was identified as one of the compensatory growth mechanisms summarized by Prins and Verkaar (1992)). These are just a few of the challenges to sustainable forest management, however, the adaptive nature of tree growth presents an opportunity to develop effective dynamic strategies.





5 Conclusions

By including state dependence in an agent-based adaptive growth model (TAG), it was possible to demonstrate overcompensation by thinned stands in computer simulations. This is largely driven by thinned trees investing proportionately more of their increased resource allocation (due to reduced competition following thinning) because it adaptive to so. These results have implications for sustainable forest management.
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Treatment Items From thinning From final harvest Total

Control Merchantable volume (m*/ha) 94.841 94.841
Lumber vale recovery ($/ha) 3,958.86 3,958.86
Sawmill value recovery ($/ha) 6,981.77 6,981.77
1/3 mortality at 30 years Merchantable volume (m*/ha) 152.8 152.8
Lumber vale recovery ($/ha) 10,792.20 10,792.20
Sawmill value recovery ($/ha) 14,408.52 14,408.52
1/3 mortality at 60 years Merchantable volume (m*/ha) 11.308 80.687 91.995
Lumber vale recovery ($/ha) 144.13 3,521.51 3,665.64
Sawmill value recovery ($/ha) 658.497 6,150.306 6,808.803
2/3 mortality at 30 years Merchantable volume (m*/ha) 178.869 178.869
Lumber vale recovery ($/ha) 19,383.74 19,383.74
Sawmill value recovery ($/ha) 23,350.73 23,350.73
2/3 mortality at 60 years Merchantable volume (m*/ha) 23.242 59.722 82.964
Lumber vale recovery ($/ha) 326.5 4,282.64 4,609.14

Sawmill value recovery ($/ha) 1,367.36 5,729.17 7,096.53
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Variable Definition

Myatural Natural mortality in %

Agemax Tree longevity in years

H Tree height in m

Stem Number of stems > 0.6 inch (i.e., 1.524 cm) of DBH per acre

DBH Diameter at breast height outside bark, in cm

DBH, DBH measured at year t

DBH,,, DBH measured at year t+1

DBHy¢ natural(cm) Annual DBH increment, before thinning, in cm

DBHy,,¢,20,000(cm) Annual DBH increment at an assumed maximal stand density of 20,000 stems/ha

DBHjyy¢, pew(cm) Annual DBH increment, after thinning, in cm

RDBH e natural( %) Annual DBH increment, before thinning, in % relative to assumed maximal stand density of 20,000 stems/ha
RDBH (%) Annual DBH increment, after thinning, in % relative to assumed maximal stand density of 20,000 stems/ha

RDBHp maturat-nen(%) Relative DBH annual increment of released growth in %
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Treatment

Leaf (kg/tree)

1.108 £ 0.064b
1.221 £0.122b
2.165 £0.163a
2.362 £ 0.209a

Twig (kg/tree)

1.481 £ 0.053b
1.664 £ 0.152b
4.187 4+ 0.355a
3.767 + 0.444a

Stem (kg/tree)

11.310 & 0.609¢
13.973 + 0.5156¢
37.602 + 1.313b
43.127 £ 1.205a

Means + standard error (SE) were shown (n = 5). The letter after the numbers
represented the Duncan’s multiple comparison results. Different lower-case letters
indicate differences between various treatments.
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Treatment

CK

W

WF

Variables

Temperature
Precipitation
Temperature
Precipitation
Temperature
Precipitation
Temperature
Precipitation

Total

0.734**
0.759*
0.604*
0.776**

0.765™

Leaf

0.589"

Twig

0.627*
0.728*
0.632*
0.772**
0.773**
0.784**
0.792**
0.830™

Fruit

0.802**

0.830™

0.779*

0.800™

Bark

0.799*

0.863"

0.893*

0.909*

Correlations coefficients by Pearson correlation are shown, — P > 0.05, *P < 0.05,

*P < 0.01.
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Fraction Treatment

Leaf CK
wW
F
WF

Twig CK
wW
F
WF

Equation

Y =92.666e~ 0,238t
Y =91.968¢ 0,286t
Y =92.462¢~0 314
Y =92.632¢~0.362
Y =98.96e0.114¢
Y =99.467¢~0 144
Y =99.78¢0.19¢
Y =99.84¢~ 0,203

R2

0.7086
0.7405
0.7936
0.8404
0.961
0.9753
0.9741
0.9857

k

0.238
0.286
0.314
0.326
0.114
0.144
0.190
0.203

to-5(a)

2.91
2.42
2:21
1.91
6.08
4.81
3.65
3.41

k, the annual decomposition coefficient in Olson model; ty s, time to decompose
50% of the litter; to g5, time to decompose 95% of the litter.
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Time Initial C Initial N Initial P Initial K Initial C/N Initial C/P Initial C/K
90 days —0.890** —0.941* —0.860** —0.796"* 0.905** 0.873** 0.875*
180 days —0.914* —0.964* —0.902** —-0.818** 0.919** 0.890** 0.911*
270 days —-0.910" —0.960** —0.900** —-0.817* 0.921** 0.895** 0.907**
360 days —0.874* —0.931* —0.886** —-0.821** 0.889** 0.898** 0.895™*
Correlation coefficients of Pearson correlation are shown (n = 20), **P < 0.01.
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Litter Acid phosphatase B -glucosidase
Leaf - —0.568"
Twig = =

Urease

—0611*
—0.473*

Polyphenol oxidase

—0.544"
—0.608"

Cellulase

Correlation coefficients of Pearson correlation are shown (n = 20), *P < 0.05,

P <001,
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Time

O day

360 day:

Means 4

Litter

Leaf

twig

s Leaf

twig

Treatment

CK
W
F
WF
CK
W
F
WF
CK

F
WF
CK

F
WF

Cla/kg)

528.100 & 3.799bc
520.700 + 5.201¢c
542.320 £ 5.106a
534.820 £ 2.270ab
478.520 + 3.969a
473.200 £ 6.498a
480.080 = 4.888a
481.520 + 4.256a
406.960 + 21.664a
421.340 £ 18.117a
427.860 &+ 17.728a
458.580 + 8.571a
492.720 &+ 2.716a
492.820 + 4.537a
501.900 + 2.598a
494.380 £ 2.876a

N(g/kg)

8.394 + 0.443a
8.418 + 0.53ba

9.308 4

E 0.469a

9.312 £ 0.479a
2.158 + 0.233a

1.940 4

E0.172a

2.426 £ 0.237a
2.380 £ 0.131a
5.590 + 0.205a
5.342 £ 0.180a
5.586 + 0.187a
5.192 &+ 0.251a

1.480 4

£ 0.073a

1.800 £ 0.280a
1410 £ 0.151a

1.266 4

£ 0.129a

P(g/kg)

0.314 £ 0.014b
0.299 + 0.013b

0.396 4

£ 0.014a

0.382 £ 0.011a
0.070 % 0.006b

0.061 4

£ 0.003b

0.104 £ 0.014a
0.101 £ 0.009a
0.195 4 0.011a
0.214 £ 0.021a
0.202 + 0.009a
0.208 £ 0.005a

0.053 4

t 0.002ab

0.059 + 0.010a
0.045 & 0.005ab

0.037 4

£ 0.004b

Kl(g/kg)

2.044 + 0.246b
3.187 £ 0.334a

2.451

t 0.344ab

3.239 % 0.380a
0.277 £ 0.039b

0.253 4

£ 0.038b

0.387 + 0.033a
0.352 + 0.023ab
2.410 & 0.254a
2173+ 0.182a
2.330+0.183a
2.308 £ 0.090a

0.155

t 0.024bc

0.203 + 0.028ab
0.252 £ 0.028a

0.119 4

£ 0.012¢

C/N

63.647 + 3.528a
62.846 + 3.939%a
58.779 + 2.535a
57.990 £ 2.750a
232.219 & 24.836a
250.992 + 20.163a
206.438 + 21.850a
204.784 &+ 11.576a
72.617 + 1.540b
79.622 + 5.986ab
76.790 + 3.415ab
88.910 & 3.457a
336.759 £ 17.874a
292.556 + 30.529a
374.234 £ 44.413a
408.203 + 43.970a

C/P

1695.761 £ 74.512a
1757.545 + 81.169a
1377.602 + 54.641b
1404.272 + 44.885b
7102.376 £ 685.106a
7806.175 4 415.882a
4945.722 +678.118b
4892.228 + 875.848b
2100.258 + 103.828a
2035.755 +198.742a
2120.778 £ 90.760a
2270.009 + 62.744a
9363.232 £ 376.895a
9425.894 + 1540.137a
11726.384 £ 1290.593a
14033.825 + 1632.545a

F SE were shown (n = 5). The letter after the numbers represented the Duncan’s multiple comparison results. Different letters indicated significant differences between various treatments.

C/K

274.92 £+ 34.63a
169.86 &+ 15.62b
241.21 £ 36.75ab
178.14 +28.36b
1864.55 £ 236.70ab
2018.45 £ 247.97a
1274.75 £110.48b
1394.02 & 109.10b
181.30 & 29.90a
198.89 +17.41a
190.12 £ 20.97a
201.46 £ 10.26a
3408.70 £ 399.50ab
2588.11 4 311.20bc
2102.97 £ 248.75¢
4289.03 £ 376.50a
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Effects (fixed) DF Sum Sq Mean Sq Falue Pr(>F)
Thinning 2 484,605,043 242,302,522 1.561 0242
Fertization 2 2,004,875,596 1,002,437,798 6458 0009+
Thinning x Fertilzation 4 359,216,108 89,804,027 0579 0683
Residuals 15 2,328,232,519 155,215,501

DF =degrees of freedom. **Signifcant at a=0.01.
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Case study

Location Size of study ~ Species Year of

site establishment age 50

Site index at

Experiment design

Reference

MacKay thinning ~ Foothill Alberta

experiment

Petawawa
research forest
experiment

Shawnigan lake
experiment

1.5ha Lodgepole pine 1954 18m
(lat. 53°32.7°N; (Pinus contorta
long, Douglas)

115°32.3W)

Petawawa 10 stands of
Research about 1.6ha
Forestin Chalk ~ each

River, Ontario,

Canada (at.

46°000°N;

long.

772650W)

Red pine (Pinus 1953 24m
resinosa Aiton)

Shawnigan  50ha Goastal 1971-1972 21m
Lake, BC (it Douglas-fir

4873813, (Pseudotsuga

long. meniesi

128°4316°W) Mirbel)

DBH, diameter at breast height (1.3m); TH, tree height; and BA, basal area.

Thinning at 22-year old
stands of fire origin;
treatments of spacing density
0f 4,330, 2,990, 1,680, and
750 stems/ha and a control
arranged in a randormized
complete block design with
muliple replicates; measured
in 1954, 1960, 1969, 1979,
1989, 1996, 2003, 2008, and
2013 vith a measurement
plot size of 0.08ha each in
block A, B, and G, and of
0.30hain block D; measured
for DBH; 1.3m for all fving
trees.

Established on abandoned
farmland; a factorial design of
sixiniial spacings of 1.2, 15,
18,21, 2.4, and 3.0m were
randomly allocated to 10
stands; In 1962, two 0.101ha
sampiing plots were
established for each spacing
and measured periodically;
repeated commercial thinning
in 1992, 2002, and 2013,
bringing BA down to the same
original residual BA target
value of 37.9m?/ha; DBH and
TH before each of the thinning
entries were measured for the
permanent sampling plots.
(0.08-0.101 ha) estabished in
each spacing-thinning
treatment combination; DBH
was measured for every tree in
each sample plot, but THwas
only measured for a
subsample of rees (19-76%
of ve stems) through a range
of diameters.

Thinning and fertiization
treatments on 23-year old
plantation with averaged
7.6cm DBH and 8.6m TH; a
randomized 3 x3 factorial
design comprising three levels
of thinning (TO, T1, and T2
corresponding t0 0, 1/3, and
2/3 BA removal, respectively)
and three levels of fertization
(FO, F1, and F2 corresponding
100, 224, and 448kg N/ha of
fertizer, respectively); multiple
replications measured in plots.
with a size of 0.0405ha each,
surrounded by a 15-m-wide
treated buffer; measured in 1,
3,6,9,12, 15,24, 32, and
40years after initial
treatments.

Stewart et al., 2006;
Stewart and Salvail, 2017

Thiffault et al., 2021

Crown and Brett, 1975;
Omule etal., 2011; Li
etal, 2018
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Treatment code* Stand density (Stems/ha) Mortality (%) Max relative volume

growth (%)
1954 2013 Total Thinning Nature
At 4,330 1,593 85 60 25 104
A2 2,990 1,173 89 72 17 116
A3 1,680 840 %2 84 8 o7
Ad 2,990 1,124 % 72 17 107
A6 10,762 2,462 7 = 7 100
B1 4,330 1,494 87 64 2 100
B2 2,990 1,082 91 75 16 86
B3 1,680 1,074 91 86 5 8
B4 2,990 1,396 88 75 13 9%
B6 11,887 2,850 76 - 7 100
C1 4,330 1,457 85 56 29 109
c2 2,990 1,334 86 69 17 125
c3 1,680 1,087 89 83 7 102
C4 2,990 1,569 84 69 15 103
c6 9,762 2050 79 - 79 100
D1 750 602 % % 2 %

Maximum relative volume growth after a 60-year experimental period was calculated as the ratio of the volume obtained in the treated vs. control stands (see Eq. 1).
“Treatment code represents the combination of block name and plot number at the MacKay thinning tial,
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