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Global forests are experiencing widespread climate-induced mortality. Predicting this phenomenon has proven difficult, despite recent advances in understanding physiological mechanisms of mortality in individual trees along with environmental drivers of mortality at broad scales. With heat and drought as primary climatic drivers, and convergence on hydraulic failure as a primary physiological mechanism, new models are needed to improve our predictions of Earth’s forests under future climate conditions. While much of ecology focuses on equilibrium states, transitions from one stable state to another are often described with alternative stable state theory (ASST), where systems can settle to more than one stable condition. Recent studies have identified threshold responses of hydraulic failure during tree mortality, indicating that alternative stable states may be present. Here, I demonstrate that the xylem of trees has characteristics indicative of alternative stable states. Through empirical evidence, I identify a catastrophic shift during hydraulic failure which prevents trees from returning to pre-droughted physiological states after environmental stressors (e.g., drought, heat) are relieved. Thus, the legacy of climate-induced hydraulic failure likely contributes to reduced resilience of forests under future climate. I discuss the implications and future directions for including ASST in models of tree mortality.
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INTRODUCTION

“All that lives must die,” wrote Shakespeare in Hamlet, “passing through nature to eternity.” Indeed, most all individuals eventually cease living—with only one of Earth’s estimated >8 million species found to be biologically immortal (Mora et al., 2011; Lisenkova et al., 2017). Organisms exist then in a chaotic state—persisting against the eventuality of death. Of life on Earth, individuals escaping death the longest are trees. Methuselah (a bristlecone pine, Pinus longaeva), is the oldest living individual—estimated to be 4,850 years old (Salzer et al., 2019). Despite the ability of individual trees to escape death for millennia, widespread climate-induced mortality of trees in recent decades has become a global concern (Allen et al., 2010). Every forest-bearing continent experienced climate-induced (associated with drought, heat, or both) tree mortality events—with effects ranging from canopy thinning to the transition of entire ecosystems to a non-forested state (Allen and Breshears, 1998; Scheffer et al., 2001; Allen et al., 2010; Gonzalez et al., 2010; Choat et al., 2012). As loss of forest cover corresponds to a loss of important ecosystem services such as carbon storage, biodiversity richness, and climate regulation (Foley, 2005), understanding conditions and mechanisms of tree mortality has been a focus of research at scales from individual trees to the entire planet (Brodribb and Cochard, 2009; Barigah et al., 2013; Allen et al., 2015; Hammond et al., 2019).

Across global forests, observations have converged on the physiological process of hydraulic failure as ubiquitous in climate-induced tree mortality (Adams et al., 2017). Hydraulic failure occurs when water under tension in the xylem becomes occluded by air emboli, interrupting transport of water and potentially resulting in whole-tree desiccation from which it is impossible to recover, e.g., death (Cochard and Delzon, 2013). Recent work has identified a threshold-like response between hydraulic failure and mortality, including direct quantification of a lethal dose of hydraulic failure in tree species for the first time (Urli et al., 2013; Hammond et al., 2019). While hydraulic failure has been ubiquitously associated with drought-induced mortality, other important agents of mortality include windthrow, lightning, and associated crown damage from storms (Negrón-Juárez et al., 2010; Fontes et al., 2018; Arellano et al., 2019; Yanoviak et al., 2020). Hotter droughts can induce leaf senescence via oxidative stress, leading to rapid canopy collapse (Matusick et al., 2013; Jardine et al., 2015). Finally, biotic agents (e.g., bark beetles, fungal pathogens) may drive drought- and heat-stressed trees to the breaking point (Cobb et al., 2012; Anderegg et al., 2015). While the complex and interactive effects of these multiple agents are not considered here, their amplification of tree mortality is likely to accelerate under further anthropogenic warming and drought (Allen et al., 2015).

Existing tree mortality frameworks include that of McDowell et al. which considers the physiological trade-off between hydraulic failure and so-called “carbon starvation,” when a tree exhausts available carbon to meet maintenance respiration during sufficiently long, source-limiting droughts (McDowell et al., 2008). Others have quantified environmental signals to predict mortality (Hogg et al., 2008; Phillips et al., 2009), without explicitly considering the role of physiological responses to environment, while more recent attempts have combined environmental signals with physiological responses (Breshears et al., 2005; Anderegg et al., 2012; Schwantes et al., 2016; Johnson et al., 2018). With an aim toward anticipating ecosystem shifts and management actions which might promote or inhibit these changes, state-and-transition models have been developed for managing forests following die-off events (Cobb et al., 2017). Whatever the framework, all have included the concept of thresholds—that there exist conditions beyond which it becomes more likely trees will die, than survive. Despite these advances, the ability to predict mortality at any scale (and especially, across scales) remains a grand challenge for Ecology. It is natural then to ask—what improvements can be made in our ability to predict when a tree, stand, or entire forest is likely to die?

Transitions in ecosystems have long been investigated through alternative stable states theory (ASST) (Holling, 1973; May, 1977; Scheffer et al., 2001). While threshold responses such as those observed during climate induced tree mortality are an indicator that a system may have more than one stable state—other criteria must also be met. Alternative stable states for a system exist only if that system can settle to alternative states under the same external conditions (Scheffer, 2009a). What are the applications, limitations, and extensions of our understanding that can be brought to bear by considering climate-induced tree mortality through the lens of ASST? First, I must acknowledge that ASST has already been used to investigate vegetation shifts at the ecosystem level for some time. Observations in the west African Sahel have shown that communities of woody vegetation show clear signs of having alternative stable states—oscillating at multi-decadal periods between savannah and forested states that track with changes in regional climate (Scheffer et al., 2001; Gonzalez et al., 2010). Here, I propose the application of ASST to the xylem tissue of trees, and implications of such an ASST approach to individuals and higher levels of ecological organization.



BRIEF REVIEW OF ALTERNATIVE STABLE STATES (ASST) CONCEPTS

First, a few definitions should be established with which we can discuss ASST in the context of a single tree. Attractors can be defined as a single state toward which a system can converge and may include cycles or stable points; in ball and hill models the valleys/basins are stable attractors, or states, and the depth of these basins indicates how resilient they are to shifts. Catastrophic shifts occur when some minor change at a critical point (the so-called tipping point, or catastrophic bifurcation) shifts a system from one attractor to an alternative attractor. These catastrophic shifts are unidirectional, such that hysteresis exists and transitions between two stable states require an unequal change in external conditions. These concepts are visually communicated via stability landscapes, using a ball to represent the ecosystem’s present state, basins as attractors, and hills as tipping points (as later in this paper, in Figures 1, 2). While these brief definitions suffice for the present paper, I refer readers interested in a deep review of these concepts to Scheffer (2009b).
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FIGURE 1. In panel (A), cross-sections taken from a single Juniperus virginiana L. tree at time point (1) and (4) are shown on the left and right, respectively. Physiological measures of drought stress (Ψ, percent loss of conductivity—PLC) are shown for four time points during the drought-rewatering experiment from the same tree (points 1–4, data from Hammond et al., in prep). Panel (B) shows the relationship between the relative state of PLC (red line) or the absolute value of water potential (|Ψ|, blue line) during the duration of the experiment. While |Ψ| rapidly resumes the pre-drought condition after drought is relieved, PLC remains high as the xylem is in an alternative stable state. The transition between (1) and (2) is shown in panel (C) as a catastrophic shift, where once a large portion of the xylem is embolized, function cannot be restored by the simple relaxation of xylem tension. Arrows indicate the direction of hysteresis, with counterclockwise arrows indicating hysteresis. Red arrows represent a catastrophic shift to an alternative, embolized stable state, which requires radial growth (gray arrows) to return to the previous state.
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FIGURE 2. Stability landscape models for an individual tree (A), drought naïve ecosystems (B), and drought legacy ecosystems (C), with tree or ecosystem state on x-axis, and conditions on the y-axis. The tipping point between survival and permanent death of an individual tree (A), and for forest die-off of an ecosystem (B,C) is represented by a dashed red line. The depth of basins of attraction to the left of the tipping point can increase from shallow (low resilience, black ball) as diversity in hydraulic traits within an ecosystem (as in B), (or within a tree, xylem anatomical heterogeneity, as in A) increases (high resilience, red ball). To the right of the tipping point, the proportional shading of the ball illustrates that it is less likely a resilient system would transition from forest to non-forest, relative to a less hydraulically diverse system (or tree). In (C), the legacy of hydraulic failure decreases ecosystem resilience (red ball), and ecosystem transition probability to a non-forested state is thus increased.




XYLEM AS A STUDY SYSTEM

From embryogenesis through reproductive maturity, trees have a remarkable diversity of forms and functions, all of which depend upon the availability of water (Givnish, 1979, 2002). Within a single tree, connected cell types, tissues, and organs carry out many processes necessary for survival, growth, and reproduction of the whole organism (Holbrook and Zwieniecki, 2011). Of Earth’s diverse plant forms, trees are best distinguished by their xylem. This extensive secondary woody tissue functions in mechanical support—responsible for trees being the tallest, and also the largest (by volume) organisms on the planet (Hacke and Sperry, 2015), leading to their dominance in global estimates of biomass (Bar-On et al., 2018). More than just a scaffold, xylem conducting large volumes of water across long distances efficiently (Tyree and Zimmermann, 2013), at minimal energy costs operating under cohesion-tension, was critical to the development of trees as a life form on Earth (Dixon and Joly, 1894). For an individual tree, xylem function is central to growth, survival, and reproduction (Hacke and Sperry, 2015). As hydraulic failure of xylem has been identified as one of the most important agents in climate-driven tree mortality (Adams et al., 2017; Brodribb et al., 2020), I will demonstrate the characteristics of xylem physiology which make it suitable for the application of ASST.



WHOLE-PLANT XYLEM AS A SYSTEM WITH ALTERNATIVE STABLE STATES: CASE STUDY IN JUNIPERUS

Xylem is composed of vascular elements (in Angiosperms) and tracheids (in gymnosperms, and in combination with vessels in some angiosperms) which are dead at functional maturity (Holbrook and Zwieniecki, 2011). During drought, the combination of increased atmospheric demand for moisture and decreased soil water availability creates tension in the xylem’s water column, a force quantified as water potential (Scholander et al., 1965; Breshears et al., 2013). Considering water potential (hereafter, Ψ) as an external condition to the system of xylem, we can acknowledge that as Ψ declines (becomes more negative), tension (|Ψ|) builds to the point that eventually, embolism is seeded into the xylem and begins to spread, occluding water transport (Sperry and Tyree, 1988; Cochard et al., 1992). While debates are ongoing regarding the capacity of xylem to refill (Klein et al., 2018; Lamarque et al., 2018), in this paper I provide observations from a manipulative experiment showing that trees which survived extreme hydraulic failure, eventually restored function via radial growth—a lengthy process—and did not refill appreciable amounts of embolized xylem.

What evidence qualifies xylem as a system which possesses alternative stable states? The first evidence that xylem has more than one alternative stable state, is that hydraulic failure occurs over a relatively narrow range of water potentials, resulting in typical “s-shaped” vulnerability curves with sharp transitions between near zero and near complete embolism of xylem (Cochard et al., 2005). Threshold-like responses are an indicator of alternative stable states within a system (Scheffer, 2009a), but alone are insufficient to indicate the existence of alternative stable states (Scheffer, 2009b). In addition to a threshold-like response, it must be possible for the system (here, xylem hydraulic function) to stabilize in alternate states under similar external conditions (here, Ψ). Using observations from a recent empirical study, I demonstrate that hydraulic failure not only shows a threshold response, but also catastrophic shifts to alternative stable states in the xylem of trees.

In a greenhouse experiment, I imposed drought on reproductively mature Juniperus virginiana L. (family Cupressaceae) in pots. Withholding water until pre-assigned targets of water potential, I monitored trees for death or survival after relieving drought. Prior to the onset of drought, I conducted active xylem staining to identify which xylem in the tree was functioning and found across the population (42 trees) that nearly all the xylem was functional (stained red, as in Figure 1A, left side). By comparison, I present a similar active xylem stain taken at the end of a full growing season’s recovery (Figure 1A, right side) from the same tree, which survived a minimum tension of < −9 MPa, resulting in > 84% loss of conductivity (hereafter, PLC). Substantial radial growth (tissue produced past the position of the vascular cambium at drought’s maximum, Figure 1A, dashed yellow line) was required to restore conductivity of the woody tissue and embolism remained even 5 months after water potentials returned to pre-drought conditions (Figure 1A, right side). Despite returning to the pre-drought state in xylem tension, the system state of hydraulic failure lingered—demonstrating that a hysteresis exists between the alternative states of fully functional xylem, and xylem having experienced extreme hydraulic failure (Figure 1B). Consequently, when changes in Ψ during drought led to a state shift (from functional, to embolized xylem), a return to the Ψ associated with function (a water potential near zero) was not accompanied by restoration of xylem function. This meets the qualifications of a catastrophic shift, as there is hysteresis—conductivity of water through the xylem cannot resume its prior state, even though the external condition (xylem tension, | Ψ—) has returned to initial conditions (Figure 1C).



RESILIENCE: FROM XYLEM TO INDIVIDUAL TREES TO COMMUNITIES

While xylem possesses alternative stable states, the same concept cannot be applied to the “life or death” of an individual tree. As illustrated in Figure 2A, death of an organism does not represent an alternative state, but rather a terminal one. Once an organism is committed to death (e.g., past the tipping point in Figure 2A), it leaves the stability landscape—and cannot return. Thus, once whole-organism death occurs, it is best described as an irreversible threshold transition, without an alternative stable state (Scheffer, 2009b). On the other hand, trees may die-back at extremities—fusing off fine roots and terminal branches due to excessive embolism limiting available water to canopy function (Johnson et al., 2016; Jump et al., 2017). In the context of stability landscapes, mortality can be represented as a cliff—once the organism passes the tipping point, it is committed to death (Figure 2A). It is important to mention, that the concept of resilience can and should be invoked regarding hydraulic function and failure in the xylem of trees. Increasing diversity of the xylem network (e.g., broad vessel, tracheid, or pit size distributions, or inclusion of hyper-embolism-resistant vasicentric tracheids, as in many Mediterranean plants) will increase the strength of the attractor of hydraulic function (Carlquist, 1985). Species of trees surviving in some of Earth’s driest habitats have accomplished such a feat by including both efficient (yet vulnerable to embolism) vessel elements and less efficient (yet safer from embolism) vasicentric tracheids in their xylem anatomy (Carlquist, 1985), such that a much broader range of water potentials must be experienced in order to induce a system-wide catastrophic shift (Figure 2A). Increasing xylem anatomical diversity within an individual tree is thus expected to increase resilience (Figure 2A, red ball), reducing the probability of a transition to mortality.

In contrast to the outcomes of individual trees, potential outcomes at population and community levels include alternative stable states (Figures 2B,C). Communities of trees display remarkable diversity in hydraulic traits, such as the water potential corresponding to 50% loss of conductivity in the xylem (P50). For example, global observations have shown that P50 can vary within a biome by up to an order of magnitude, while across biomes the median value of P50 is relatively stable (McCulloh et al., 2019). Furthermore, traits like P50 seem to be conserved within lineages of plants (Maherali et al., 2004; Sanchez-Martinez et al., 2020) indicating that biodiversity of species and higher taxonomic orders within a forest correspond to increased diversity in hydraulic traits. Increased hydraulic trait diversity within an ecosystem would thus increase ecosystem resilience (Figure 2B, red ball), as not all species within a system would experience catastrophic shifts within their xylem under the same amount of environmental stress; thus reducing the whole-ecosystem transition probability for a given set of environmental drivers. An example of diversity’s benefit was apparent during recent widespread mortality of pinyon pine (Pinus edulis) in pinyon-juniper woodlands of the southwestern United States (McDowell et al., 2008). Pinyon trees died during hot droughts, but junipers survived. In subsequent years, junipers facilitated (by providing a shaded, cooler, and wetter microclimate) recruitment of pinyon back into the system, a phenomenon known to prevent mortality in recruiting trees (Breshears et al., 2018). In contrast, if junipers were not present, the system may lack sufficient resilience to remain forested as recruitment in the open would be more difficult than recruiting beneath the shady canopy of a mature nurse tree. Similarly phenomena have been documented during globally distributed climate-induced tree mortality events, for example relatively embolism-prone Eucalyptus species saw significant mortality during recent droughts in eastern Australia, while more embolism-resistant Callitris species survived (Brodribb et al., 2020).

Finally, trees surviving extreme drought retain the legacy of hydraulic failure (as in Figures 1A, 3), which could reduce resilience across an ecosystem (Figure 2C). The extent to which the increasing resilience from within tree hydraulic diversity (Figure 2A) and within community hydraulic diversity (Figure 2B) can buffer ecosystem resilience decreases due to the legacy of hydraulic failure (as in Figure 2C) is unknown, and of critical importance for future investigations. Common gardens, including urban forests, may provide some insight as study systems, to investigate responses to intensified local microclimates in anticipation of eventually drier and warmer regional climates on natural forests. Presently diverse forests (e.g., warm tropical forests) may experience reductions in diversity as climate continues to warm and dry, while cooler temperate and boreal forests may increase their species and hydraulic diversities as warming makes recruitment of newer species possible.
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FIGURE 3. Conceptual diagram comparing the increasing total plant conductivity of a tree that has not experienced embolism-inducing drought stress (blue line) with a tree which has survived drought (red line) and retained significant embolism. Red shading indicates hydraulic debt, or loss of function from pre-drought levels (indicated by the dashed black line). Gray shading indicates the potential conductivity loss from legacy embolism once pre-drought conductivity has been restored via radial growth.




CONCLUSION AND FUTURE DIRECTIONS

When it comes to life and death of trees, alternative stable state theory is a useful tool to highlight the catastrophic shifts occurring in xylem tissues of individual trees, and the additive ecosystem-wide effect for potential transitions to alternative states. Transitions from a forested to non-forested state may appear abrupt (Allen and Breshears, 1998; Breshears et al., 2009), yet the underlying conditions of hydraulic function could be changing gradually. As demonstrated in Figure 1A, monitoring physiological drivers like water potential (the most commonly reported indicator of drought stress) is insufficient to detect the hydraulic state of trees which have survived prolonged drought stress resulting in the accrual of embolism in woody tissues. Measuring water potentials even a few weeks after drought’s relief would imply healthy, functional water relations when in fact a tree’s xylem may have experienced and retained significant levels of embolism. Thus, while there exists some maximum level of perturbation in (temperature, soil moisture deficit) beyond which it becomes more likely that populations of trees composing the forest will die, rather than survive during a single climatic event, we must also consider the legacy of drought (Figure 2C). Using an ASST approach to understand state of xylem within trees provides a framework to include drought’s legacy in future models of forest mortality. Models should include both an accounting for the immediate hydraulic debt (actual loss of hydraulic function due to embolism) and the legacy of lost potential hydraulic function had trees not experienced and retained embolism (as in Figure 3). For example, as growth rates and growing seasons of many important forest trees are well described, along with growing databases of species-specific embolism resistance (Choat et al., 2012), future models will be able to account for both the accumulation of embolism under stress, and the long period of growth required to erase the functional debt incurred by this legacy of embolism via regrowth. Emerging evidence suggests the legacy of embolism has severe downstream consequences, as it was found to nearly halve gas exchange rates after drought relief in seedlings of Pinus Sylvestris (Rehschuh et al., 2020). Future work could include an analysis of die-back dependent upon repeated non-lethal drought events, preceding a lethal drought event. Secondary effects of retaining xylem embolism (canopy and fine root die-back) may slow growth, produce less vulnerable xylem in subsequent years of growth, and buffer or offset the perceived cost of retained hydraulic dysfunction. From meta-analysis of empirical data, to hindcasting of known mortality on local to regional scales, including a measure of retained hydraulic dysfunction (as demonstrated through ASST methods here) will enhance our ability to predict the fates of future forests.
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