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Forest restoration is challenging in arid and semiarid lands. Research has identified ecotechnologies that may alleviate stressful conditions of planted seedlings, but studies are often limited to the first few years of regeneration establishment. Over 20 years, we tested the effects of tree shelters (mesh- and tube-shelters) and competition suppression (two types of synthetic mulch and manual weeding) on soil water content and development of Pinus halepensis on an arid site in southeastern Spain. Competition suppression increased soil water content at shallow depths only using a polyethylene sheet, with no effect on survival. Tree shelters had a much greater effect than competition suppression on tree responses. Survival was mostly affected by shelter type, with lower survival in tube-shelters compared to mesh-shelters and non-protected seedlings; differences began after the first year, but became more pronounced following an intense drought at 3 years. Survival for pines protected by mesh-shelters was significantly higher than for non-protected seedlings beginning at 6 years, and mortality did not stabilize until 15 years. After 20 years, survival ranked in order of mesh-shelters (57.5%), non-sheltered (46%), and tube-shelters (29.5%). Effects of shelter type on growth response over time followed an opposite pattern, with differences declining when pines outgrew the height of the shelter after 3 years. The response of pines to tube-shelters could be explained by the microenvironmal differences among vertical protection and its effects on a shade intolerant species such as Pinus halepensis: survival depletion is provoked probably by a reduction in root growth under the shaded conditions of tubes. On the other side, growth and morphology response could be partially explained by differences in light, but response of pines in mesh also points towards a reduction of wind pressure that precludes stem growth in thickness. Competition suppression had no effect on pine growth. Lack of response to main effects of competition suppression treatments can be attributed to the minimum changes of soil water content to mulching or weeding under arid conditions. Thus, 20 years after planting, tube-shelters and competition suppression treatments were relatively ineffective at improving survival or growth of P. halepensis. Mesh-shelters are recommended as the most effective protection method for restoration under arid site conditions.
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1. Introduction

Forest restoration by afforestation is an effective way of reducing degradation of soils and increasing the provision of ecosystem services (Löf et al., 2019; Castro et al., 2021). However, restoration initiatives are often challenged by poor performance of planted seedlings, particularly in harsh or arid environments where abiotic and biotic limiting factors constrain survival and growth. Shallow soil and poor fertility (particularly low organic matter and N content, Delgado-Baquerizo et al., 2013), predation (Castro et al., 2015), and especially the extensive and intense summer drought of drylands precludes establishment, causing significant failures and subsequent economic loss (Vallejo et al., 2012) that may deter private or public land owners to invest in restoration (Cortina et al., 2011). Limitations imposed by these factors can be alleviated by employing suitable restoration techniques. Most ecotechnological tools commonly used in arid environments have focused on deterring seedling predation or improving microsite conditions and resource availability (Piñeiro et al., 2013; Muñoz-Rengifo et al., 2020). The implementation of these ecotechnologies is particularly important in highly degraded areas with low retention of water and nutrients (Vallejo et al., 2012), which generally experience more extreme and harsh summers (IPCC, 2014) and require continuous improvements in planting techniques (Chirino et al., 2009; Valdecantos et al., 2014; Jacobs et al., 2015).

Among the ecotechnologies used to improve forest restoration success are tubes for tree sheltering and mulching. Solid-walled tree shelters (hereafter, referred to as tube-shelters) represent one of the most widespread cultural practices in reforestation programs in Mediterranean climates over the past 20 years (Oliet et al., 2019). Along with protecting seedlings from animal predation, research conducted in the Mediterranean has demonstrated significant changes in microclimatic conditions (Del Campo et al., 2006; Bergez and Dupraz, 2009; Puértolas et al., 2010; Oliet et al., 2019) that alter growth and patterns of biomass allocation (Oliet and Jacobs, 2007; Vázquez de Castro et al., 2014; Oliet et al., 2021). These changes are overall positive for survival and growth within dry areas (Piñeiro et al., 2013), although the effect is clearly species-specific (Puértolas et al., 2010; Padilla et al., 2011; Oliet et al., 2016, 2019). Along with tree shelters, mesh-walled tree shelters (hereafter, referred to as mesh-shelters) have also been extensively used to prevent browsing (Taylor et al., 2006; Thyroff et al., 2022). Unlike tube-shelters, mesh-shelters minimally affect microclimatic conditions around the seedling relative to ambient (non-sheltered) conditions (Close et al., 2009; Padilla et al., 2011; Oliet et al., 2019). Similar to tube-shelters, however, mechanical restrictions to lateral growth and branching, as well as to stem bending by wind can influence growth patterns of the tree (Coutand et al., 2008; Devine and Harrington, 2011), with effects persisting over time (Abe, 2022). Simultaneous evaluation of mesh-shelters alongside tube-shelters is needed to help identify the most adequate protection system in afforestation.

Groundcover or mulching is another ecotechnology used to improve restoration success. This technique involves covering the soil around the seedlings with an opaque layer that impedes weeds from germinating and establishing (Coello et al., 2018a). The application of mulch is an effective measure also to reduce the kinetic energy of raindrops, avoid soil crusting, promote water infiltration or reduce soil temperature oscillation (Santana et al., 2014). In addition, mulch can reduce evaporation (Barajas-Guzmán et al., 2006) and contribute to controlling plant competition by hampering the establishment of neighboring vegetation (Chirino et al., 2009; Coello et al., 2018a). Types of mulch are numerous: natural mulches like forest litter and logging debris can be shredded on site; placing stones around the seedling is a traditional practice in dry areas (Jiménez et al., 2017); manufactured mulches, such as polyethylene sheets or fiber mats, have desirable properties including higher durability (Haywood, 1999) and/or different degrees of permeability (Coello et al., 2018a). For instance, impermeable polyethylene sheets can reduce evaporation after rainfall (Andrews, 2002), with positive effects on survival (Barajas-Guzmán et al., 2006). However, the extent to which these improvements affect planting performance of seedlings is highly species and site-specific. Additionally, mulch can be an efficient alternative to mechanical control if herbicides are strongly regulated (Ammer et al., 2011; González-Tokman et al., 2017). In tropical or temperate areas or in former arable lands, vegetative competition is intense and weed control is one of the most important silvicultural practices for establishing forest plantations (Barajas-Guzmán et al., 2006; Hytönen and Jylhä, 2010; Coello et al., 2018b). However, in dry and degraded areas, seed banks are scarce (Maestre and Cortina, 2004), and the benefits of mulch can be due to effects other than competition suppression, such as evaporation reduction or water infiltration enhancement (Haywood, 1999; Santana et al., 2014). In particular, the trade-off effect between reducing soil evaporation and absorbing water from rainfall may be highly dependent on the mulch material and climatic conditions (Andrews, 2002). In dry Mediterranean areas, impermeable polyethylene sheets may potentially reduce seedling water availability under the low rainfall events that constitute the most common source of precipitation (Mayor et al., 2011). However, the number of studies examining the effect of mulch type on soil moisture dynamics during plantation establishment in dry areas are very scarce (but see Jiménez et al., 2017).

In dry (arid or semi-arid) Mediterranean conditions, the establishment phase during the wet season when roots grow in depth to avoid dry upper horizons in the dry season, is critical for survival (Padilla and Pugnaire, 2007; Villar-Salvador et al., 2012). Because most mortality occurs during the first summer following planting, ecotechnologies in dry areas are tested mainly during the first year of planting (Vallejo et al., 2012; Piñeiro et al., 2013). However, the effects of management at planting can diverge beyond the first summer as treatment responses often shift over time or with meteorological conditions (Oliet et al., 2009). Thus, long-term studies are especially important to help identify treatment-related variation with time and ascertain sustained effects (Bautista and Alloza, 2009). For instance, we still have a poor knowledge of the effect of tree shelters on growth and mechanical stability of the tree at mid- to long-term in harsh areas or with slow growing species (but see Dupraz, 1997; Oliet et al., 2005, 2016; Jacobs, 2011). This information is needed to support decisions such as type of shelter (mesh- vs. tube-shelters) or time to remove the shelter. Additionally, although some studies have compared planting performance of Mediterranean species under solid- vs. mesh-walled shelters (Close et al., 2002, 2009; Puértolas et al., 2010; Padilla et al., 2011; Vázquez de Castro et al., 2014; Oliet et al., 2019) none of them followed planted seedling responses beyond the first establishment year. Furthermore, mulching effects on survival and growth can change after the first year of planting as mulch properties such as degradation degree or permeability vary with time depending on the material forming the mulch (Jiménez et al., 2013). Prior studies such as Haywood (1999) and Coello et al. (2018b) have evaluated changes in mulch properties over 3 years, but these studies were conducted in temperate areas. We are aware of only one study under Mediterranean conditions that evaluated mulch type over a relatively long duration (9 years), although in this case only natural mulches were tested (Jiménez et al., 2013).

Analyzing long term responses of mulching and tree shelters combined will provide additional useful information toward development of cost-effective management in dry area plantations (Bautista and Alloza, 2009). Although some studies in the Mediterranean have included the combined effect of weed control and tree shelters on tree establishment (Chaar et al., 2008; Mechergui et al., 2013, 2019; Ceacero et al., 2014), none have monitored long-term responses. Longer-term studies (>10 years) are necessary to fully evaluate the outcome of management practices in semi-arid areas (Cortina et al., 2011).

In this study, we evaluated the mid- to long-term effects (20 years) of tree shelters (mesh- and solid-walled) and competition suppression (two types of synthetic mulches with different permeability and manual weeding) combined on the development of a Pinus halepensis Mill (Aleppo pine) plantation in a Mediterranean arid area of Southeast Spain. Aleppo pine is a shade intolerant early successional species (Niinemets and Valladares, 2006) that is commonly used for afforestation in the arid lands of the Mediterranean basin (Maestre and Cortina, 2004). Due to its high resistance to aridity, this species plays a critical role in the restoration of degraded lands and abandoned croplands in this region (Ne’eman and Trabaud, 2000). Seedling survival and growth response to treatments were evaluated, along with soil moisture during the first years to disentangle the relationships between treatments and plant response. The objectives of the study were (1) evaluate tree shelters and mulch types under this environment (2) analyze potential interactions between time and treatments at mid to long-term and (3) provide a rationale for the management of ecotechnologies for restoration of dry areas. We hypothesized that (1) pine trees will perform (survival and growth) better when unprotected; (2) mulch effects will depend on the material but will not differ from manual weeding; and (3) there will be a long-term effect of treatments beyond the establishment phase.



2. Materials and methods


2.1. Planting site and experimental design

The planting site was in the southeast of Almería province, Southeast of Spain (2°0′W, 36°58′N, elevation 230 m), on a hillside with a moderate slope and SE aspect. The previous stand was a 20-year-old P. halepensis plantation on terraces destroyed by a 1994 forest fire. The natural vegetation is typical of degraded areas from the arid to semiarid Mediterranean region, dominated by thyme (Thymus spp.) and alpha grass (Stipa tenacissima L.) (Ruiz de la Torre, 1990) with scattered mastic (Pistacia lentiscus L.) and wild olive trees (Olea europaea var. sylvestris). The soil profile is rocky, of the unit calcaric regosol (FAO), and developed on calcareous parent material (MAPA, 1989). The climate is arid Mediterranean, with extremely hot and dry summers. Average annual rainfall and mean temperature of the area are 190 mm and 17.9°C, respectively (Spanish Agency of Meteorology, 2021).

Planting was conducted on 22 November 1995, in mechanically opened pits 0.95 m × 0.95 m × 0.95 m upon the 3.8-m wide terraces of the old burned plantation. Two staggered rows of pits were opened per terrace. Pits were 1.95 m apart. Container grown seedlings of P. halepensis (seeds collected in local provenance 2°30′ W, 37°30′ N, elevation 600–800 m, ES15′ Bética meridional’ Alía et al., 2009), were raised in a local nursery in 230 ml containers (75 containers per tray; density of 308 m–2) filled with a mixture of 80:20 (percent volume) moss peat:vermiculite and fertilized with 5 g.l–1 of Osmocote Plus 15-8-11 (Scotts, Netherlands). After 1 year of culture, pre-planted seedlings were 36.3 ± 1.3 cm height, 3.3 ± 0.1 mm root collar diameter, 3.6 ± 0.2 and 1.4 ± 0.1 g shoot and root weight, respectively, and 18.7 ± 0.8 mg⋅g–1 shoot N concentration (n = 28).

Treatments were arranged in a two-factor (tree shelter × competition suppression) experiment. Three levels of tree shelter (no protection, mesh- and solid-walled tube shelters) and four competition suppression levels (no weeding, two types of synthetic mulching and manual weeding) were fully crossed to a total of twelve treatments. Manual weeding with a hoe was conducted annually in spring from planting until 2002 around the plant on an area equal to the planting pit (0.95 m × 0.95 m). Two types of mulch were tested: impermeable plastic (polyethylene film) sheet 0.82 m × 0.82 m green color upper side (Tubex Co., South Wales, UK) and permeable coconut fiber mat 0.70 m × 0.75 m (Projar SA, Valencia, Spain). Mulches were placed on soil with the seedling in the central hole and fixed with stones on corners to avoid wind blowing. Tube-shelters were an unventilated brown, translucent, circular, twin-walled polypropylene tube 0.6 m tall × 0.11 m wide (Tubex ®, Fiberweb Geosynthetics Ltd., UK) anchored by an iron stick. Average light transmission coefficient of the tube-shelter is 45% (Oliet et al., 2003). Mesh-walled tree shelters consisted of a 60 cm tall × 15 cm wide cylindrical blue polyethylene net with mesh holes 0.8 cm × 0.8 cm (Redplanton, Projar SA, Valencia, Spain), anchored by two bamboo sticks. The light transmission coefficient was 83% (Vázquez de Castro et al., 2014). Neither shelter types were removed during the study period. The 12 treatments were arranged as a randomized complete block design with five replications. The experimental unit consisted of a row of 25 seedlings. Experimental units in a block were placed on two to four consecutive terraces, and blocks were arranged along the slope. A total of 1,500 seedlings were planted, 125 seedlings per treatment.



2.2. Measurements

In January of 1996 (first measurement), 1997, 1998, 1999, 2001, 2003, or February 2009 and 2016, seedlings were measured for survival, height (h), and groundline stem diameter (GSD). Stem volume was calculated using the formula for a cone: 0.2618 (GSD2 × h). In addition, during 2016 measurement, two orthogonal diameters of the crown vertical projection were taken, and projected crown area of the tree was calculated by averaging both diameters. Precipitation from planting to 2002 was recorded with an automatic pluviograph (DATA-RAIN 128 Geonica SA, Spain) installed on the planting site. From 2003 to the end of the study, rainfall was predicted from database Chelsa (Climatologies at high resolution for the earth’s land surface areas, Karger et al., 2017). Annual rainfall from 1996 to 2016 averaged 168.5 mm, with an extremely dry year (78.2 mm) in 1998 (Supplementary Figure 1).

Soil moisture was monitored during 3 years following planting with a time-domain reflectometry (TDR) equipment (Trase System, Soil Moisture Equipment Corp., USA). One permanent station per weeding treatment was randomly installed in each block, summing up to 4 (weeding treatments) × 5 (blocks) = 20 permanent stations in total throughout the plantation. Each station consisted of three pairs of stainless-steel connected rods of 15, 30, and 60 cm length inserted in the soil around one planted seedling on a 10-cm radius circumference. Measurements were recorded monthly during the first year after planting (1996), every 2 months during 1997, every 3 months in 1998, and every 4 months in 1999, 2000, and 2001 with a final measurement conducted at the beginning of 2003. Each individual value corresponds to the average of the three single values compiled instantaneously to stabilize the measure. Given that each value corresponds to the average of volumetric soil water content (VWC, θ) in the entire profile of the rods, θ at 15–30 and 30–60 cm depth at each station were calculated from readings at 0–15, 0–30, and 0–60 cm of the correspondent station as follows:
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To determine water content at wilting point (–1500 kPa, Carminati et al., 2017), five samples (one per block) were taken from a TDR station at the three depths. Gravimetric water content at wilting point was determined with the Soilmoisture system (Santa Barbara, CA, USA). Volumetric water content at this point was calculated as the product of later magnitude and soil bulk density of each sample. Volumetric water content at wilting point for each depth was 11.2 ± 1.4% (0–15 cm), 12.2 ± 2.0% (15–30 cm), and 10.4 ± 1.5% (30–60 cm).



2.3. Data analysis

Soil VWC data were analyzed over the measurement period for each depth using repeated measures one-way ANOVA with competition suppression as a between subject factor and date as the within subject factor. Standard error of the whole studied period for VWC was calculated from average data from each date (mean of the five replicated stations). Survival data analysis from the planting experiment for each year was conducted by a generalized lineal model based upon a binomial error distribution with a logit link function. Full model included tree shelter (TS), competition suppression (CS), TS × CS interaction and experimental block as predictors. Growth data (height, basal stem diameter, slenderness quotient, stem volume and projected crown area) analysis for each year was conducted by a linear mix model. In this model the fixed effects were tree shelter, competition suppression and their interactions, while random effects were block, row (nested in block, tree shelter, and competition suppression) and individual tree (nested in block, tree shelter, competition suppression, and row) (Sit, 1995). In cases where ANOVA treatment effects were significant (P < 0.05), statistical differences among factor levels and treatments were identified using Fisher’s protected least significant difference (LSD) test, adjusting the overall α level to 0.05 by Bonferroni’s correction. SPSS Statistical Package version 26.00 (SPSS Inc., Chicago, IL, USA) was employed for data analysis.




3. Results


3.1. Soil water content during first three years of establishment

Volumetric soil water content during the first 3 years was significantly affected by competition suppression treatments only at the shallow (0–15 cm) depth [F(3,16) = 4.517, P = 0.018]. On average, VWC at 0–15 cm under polyethylene sheet was maximum (7.0 ± 0.9%) and significantly higher than minimum soil VWC under coconut fiber mat (5.9 ± 0.8%). Values of average VWC for the rest of the treatments did not differ from polyethylene or fiber mulches. Across seasons, VWC at 0–15 under polyethylene film was maximum after a rainy period, when soil water reached a maximum. However, during dry seasons, differences in VWC among treatments dissipated (Figure 1A).
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FIGURE 1
Soil volumetric water content ± SE (VWC) and rainfall during the first 3 years of the study period (from planting in November 1995 to the end of 1998): (A) VWC at 0–15 cm as affected by competition suppression treatments (n = 5); (B) monthly rainfall (mm); (C) VWC at three depths averaged by treatments (n = 20). In sub-figure (C) wilting point range is shaded (see section “Materials and methods” for details).


The response of VWC was different by seasons along the soil profile. In general, VWC was minimum at 0–15 cm, followed by 15–30 cm depth, with values that dropped to 0 in summer months (Figure 1C) when precipitation was null (Figure 1B). This was especially apparent during the first year after planting (1996) when the soil water level from 0 to 30 cm was below the wilting point since time of planting, while from 30 to 60 cm soil water was maintained around the wilting point from planting to April (Figure 1C). In general, soil VWC of deepest horizons (30–60 cm) was more stable with seasons, with values above 6% even during the dry summer of 1996. Year 1997 was more humid (Figure 1B), while 1998 was a very dry year, with almost no rain from May to November with the exception of 10.6 mm that fell in September. This resulted in minimum values of soil VWC from July to September not only at 0–15 cm, but also at 15–30 cm. As a result, during the first 3 years after planting, soil water was below the wilting point for 0–15 cm and 15–30 cm depths, and kept above this value for 30–60 cm depth along several months of fall and winter of the studied period (Figure 1C). No significant interactions between time and competition suppression factors on soil humidity were found across the studied period for any soil depth.



3.2. Survival during 20 years following planting

Survival of P. halepensis seedlings dropped strongly during the first year after planting to an average of 78.2% across factors in early 1997. This decrease in survival was primarily affected by levels of tree shelters, with a lower survival for pines in tube-shelters (Figure 2A) that boosted significant differences with no shelter or mesh-shelter after 1 year of planting (Table 1). However, a significant tree shelter × competition suppression interaction appeared during the first year, showing reduced survival for manually weeded and non-protected pines (Table 1 and Supplementary Figure 2). Survival barely dropped during 1997 (in average 1.5% for all treatments), while a new intense drop in survival occurred during 1998. In this year, and similar to 1996, this descent was more pronounced for pines protected with solid-walled tube-shelters, reaching values of 54.6 ± 2.3% survival at early 1999, while those protected with mesh-shelters or non-protected showed significantly (Table 1) higher survival (average survival of the latter two treatments was 73.0 ± 2.0% at the beginning of 1999, Figure 2). Tree shelter × competition suppression interaction became more significant during 1998 (see increases in χ2Wald from 1998 to 1999 in Table 1), due to a higher reduction in survival for manually weeded and non-protected pines, but also for control (non-weeded) pines in mesh (Supplementary Figure 2). During the next 2 years (1999 and 2000) survival continued dropping at a higher rate for trees in tube-shelters (16.9% in 2 years) than that of those protected with meshes (7.9%), although in these 2 years the mortality rate of non-protected (13.0%) seedlings was higher than that of pines in mesh. The latter was due to the more intense drop in survival of non-protected and manually weeded pines, along with a more intense survival decline for non-weeded pines in mesh (significant interaction, Table 1 and Supplementary Figure 2). From 2001 to 2009, survival dropped at a lower annual rate for all treatments, although non-protected trees died faster (13.5% for the whole period of 8 years) than pines in mesh (8.6%) or tube-shelters (7.7%). The pattern of interactions between the studied factors remained constant during these 8 years (data not shown). From 2009 and beyond, survival stabilized, and no significant mortality occurred between this year and 2016 for any treatment (Figure 2A). As a result, 20 years after planting, survival of mesh-protected pines was maximum (57.5 ± 2.3%) and almost double that of solid-walled tree shelters (29.5 ± 2.1%), leaving survival of non-sheltered seedlings within an intermediate range (46.0 ± 2.3%, Figure 2A). However, these figures must be assessed considering the aforementioned tree shelter × competition suppression interaction (Table 1). This significant effect was mainly due to two interacting responses: on one hand, manually weeded and non-protected pines survival (29.3 ± 4.1%) was lower after 20 years than remaining non-protected pines (average 52.0 ± 4.5%, Supplementary Figure 2, January 2016); on the other hand, non-weeded and mesh protected pines survival after 20 years (40.6 ± 4.4%) was lower than remaining trees in mesh, which in fact had the highest levels of survival among the treatments tested (average 62.8 ± 4.3%, Supplementary Figure 2, January 2016).
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FIGURE 2
Survival [(A) %], height [(B) cm] and slenderness quotient [(C) cm/cm] of a Pinus halepensis plantation during a 20-year period as affected by tree shelter treatments. Depicted values are mean ± SE. Within a date, values with different lowercase letters differ significantly among tree shelter treatments according to Fisher’s protected least significant difference test, α = 0.05. In sub-figure (A) interactions with competition suppression factor preclude showing differences by tree shelters (see Supplementary Figure 2 for details).



TABLE 1    Contrasts of the generalized linear model effects for survival along 20 years of Pinus halepensis planted in a factorial experiment with tree protection (no shelter, mesh, and solid tube) and four competition suppression (control, manual weeding, polyethylene mulch, and fiber mat) levels.
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3.3. Growth and morphology along 20 years following plantation

Height growth of pines along the 20 years period was not affected by competition suppression or by interactions between both factors (with the exception of an interaction 6 years after planting, Table 2). However, shelter type affected height beginning the first year after planting: in January 1997, height of trees in tube-shelters (41.6 ± 0.5 cm) was significantly higher than that of trees in mesh ones (31.9 ± 0.3 cm) or non-protected (30.5 ± 0.3 cm, Figure 2B and Table 2). During the second year of planting (1997) seedlings in tube-shelter grew at a much faster rate in height (24.2 cm⋅year–1) than pines in mesh (12.4 cm⋅year–1) or non-protected (10.4 cm⋅year–1). As a result, in January 1998 pines in tubes reached 65.9 ± 0.8 cm height on average, with 63% of pines growing out of the height of the shelter (60 cm), and differences with other two levels of protection being more significant (see F increase between 1997 and 1998 in Table 2). During 1998, height growth rate of sheltered pines in tubes dropped to 14.8 cm⋅year–1, but was still higher than that of mesh (12.1 cm) or non-protected (8.9 cm) seedlings. In January 1999, mean height of meshed pines was first time significantly higher (6.6 cm) than that of non-protected ones, although both were still significantly lower than the height of pines in tubes (80.7 ± 1.0 cm, Figure 2B). From 1999 to 2003 height growth rate in solid wall tubes dropped to minimum values (6.1 cm year–1) compared to non-protected (7.3 cm year–1) seedlings or those protected with mesh-shelters (8.4 cm⋅year–1), although significant differences in height among the three treatments still persisted. During the next 6 years (2003–2009) the trend in height growth of non-protected seedlings reversed, and there were no longer differences among protection (Table 2). In 2016, 20 years after planting, height of pines in tube-shelters (215.7 ± 4.5 cm) were 13.9 cm taller than those in mesh (Figure 2B), but these differences were even less significant (Table 2) than in 2009. Interaction between main factors for height only occurred in 2001 (Table 2). At this time, non-protected and manually weeded pines were the shortest among the other treatments of this factor level, while this did not occur for the rest of non-protected × competition suppression treatments (data not shown). The same interactive pattern, although only marginally significant, occurred from 1999 to 2009 (Table 2).


TABLE 2    Results from ANOVA (Snedecor F and associated probability P) test for height and sturdiness quotient along 20 years of P. halepensis planted in a factorial experiment with tree protection (no shelter, mesh, and tube-shelter) and four competition suppression (control, manual weeding, polyethylene film, and coconut mulches) levels.
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As per height, basal stem diameter growth of pines along the 20 years period was not affected by competition suppression. In addition, interactions between main factors were not present in the studied years (data not shown). Only shelter type affected diameter growth pattern during the first 5 years (Supplementary Table 1). Interestingly, differences were significant just 2 months after planting (January 1996), with diameter of pine stems in tube-shelters being significantly greater than those of non-protected (Supplementary Table 1). One year later, in January 1997, trends changed, and non-protected seedlings had the largest diameter, followed by trees in shelters and in meshes, with basal diameters marginally (but significantly) smaller. This trend of non-protected pines having the largest diameter continued from January 1998 and beyond, although from this year trees in meshes (9.7 ± 0.11 mm) placed in a midway between un-protected (10.9 ± 0.16 mm) and trees in tube-shelters (9.2 ± 0.10 mm) with differences being significant for diameters of pines in meshes or tube-shelters and non-protected. During 1999 and 2000 this tendency continued and, in January 2001, basal stem diameter of pines in tube-shelters was still significantly smaller than non-protected trees, with pines in mesh (17.6 ± 0.30 mm), being not significantly different from any of them. After 2001, basal stem diameter was similar, and differences among treatments were no longer significant. Interestingly, after 14 years (February 2009), trends changed, as trees in tube-shelters had the greatest stem diameter (Supplementary Table 1), which continued for the next 7 years until February 2016.

Similar to height, slenderness quotient of pines along the 20 years period was not affected by competition suppression nor interactions between factors (except for an interaction 14 years after planting, Table 2). However, the effect of shelter type persisted across the study period except for the first 2 months after planting (January 1996). During 1996, all treatments experienced a sound reduction of slenderness, with this reduction being much more intense for non-protected seedlings, whose rate (36.9 cm⋅cm–1⋅year–1) more than doubled that of seedlings in tubes (16.8 cm⋅cm–1⋅year–1, Figure 2C). During 1997, slenderness quotient of pines in mesh and non-protected continued dropping but this trend reversed in pines in tube-shelters, as they showed an increasing pattern (Figure 2C). In 1998 the increasing trend of slenderness of pines in tube-shelters continued, leading to maximum values of 73.8 ± 0.6 cm⋅cm–1 in January 1999. During the same year, pines in meshes did not vary in their sturdiness quotient, while non-protected pines followed a continuous reduction at a diminishing rate that persisted over the whole studied period (Figure 2C). During 1999 and 2000, slenderness of trees in tube-shelters experienced a new dramatic change from increasing to a rapid decreasing rate of 6.4 cm⋅cm–1⋅year–1. This rate even accelerated for the following 2 years (2001 and 2002) to 9.1 cm⋅cm–1⋅year–1, while trees in meshes or non-protected showed a less intense reduction (3.3 or 1.7 cm⋅cm–1⋅year–1, respectively). From January 2003 to the end of studied period, slenderness values converged for all treatments. As a result, differences between pines in tube-shelters and for non-protected trees changed from 15.5 cm⋅cm–1⋅in 2003 to 1.3 cm⋅cm–1 in 2016 (Figure 2C). These small differences were still significant (Table 2).

Stem volume was not affected by competition suppression nor the interaction between this and shelter type factors. Only the shelter type main factor was significant along the first 2 years out of the whole 20 years period (see Supplementary Table 1). As early as 2 months after planting (January 1996), stem volume of trees in tube-shelters (0.92 ± 0.02 cm3) was significantly larger than that of non-protected pines (0.76 ± 0.02 cm3), with meshed pines being intermediate. During the next 2 years after planting (1996 and 1997), pines in tubes shelters continued to exhibit maximum volume values as compared to non-protected plants or seedlings in mesh. After January 1998, differences in stem volume among types of shelters were not significantly different, with a similar pattern among treatments persisting. At the end of the studied period (2016), trees in tube-shelters still accounted for a major bole volume compared to that of non-protected and meshed pines although differences were not significant (Supplementary Table 1). Area of the projected canopy in 2016 (3.3 ± 0.07 m2 in average) was not significantly different among treatments (ANOVA data not shown).




4. Discussion


4.1. Soil water content along the soil profile

Overall soil water dynamics and spatial distribution during the first 3 years showed a known pattern for semiarid areas: cycles of dry and wet periods that follow rainfall events; and a strong gradient of water increase by depth. This has also been observed in similar studies under Mediterranean arid to semiarid conditions (Padilla and Pugnaire, 2007; Jiménez et al., 2017). In our study, absolute values were lower, probably due to the reduced rainfall logged in our experimental area. As a result, soil humidity remained under the wilting point for long periods, especially from 0 to 30 cm. From 30 to 60 cm, soil water was below the wilting point mostly in summer, with some water still present even in this season. Although we did not measure VWC below 60 cm, we expect higher values beyond this depth, according to the typical gradient shown in other studies (Pinto et al., 2016).

The effects of weeding and mulching on soil profile water content during the first 3 years was weak: only the polyethylene sheet increased soil water content and only at shallow (0–15 cm) horizons, with no effect of weeding. Despite literature showing positive effects of weeding on soil water content (Cuesta et al., 2010a; Ammer et al., 2011 and references therein), these improvements have been related to competition suppression that reduces transpiration of spontaneous vegetation (Cuesta et al., 2010b; Pinto et al., 2012). The particularly hard conditions of arid areas as per our study precludes seed bank recovery following soil preparation disturbance (Coello et al., 2018a). In our study, spontaneous vegetation was nearly absent in control (not weeded) spots around the planted tree during the first 3 years (personal observation). Thus, no significant effect of weeding should be expected. Apart from effects on vegetation emergence, mulching exerts additional effects on soil water dynamics on the first layers of the soil profile (Jiménez et al., 2017). In our study, the positive effect of polyethylene sheets at 0–15 cm could be explained by a reduction in water evaporation that occurs under polyethylene coverage as a result of the large amount of solar radiation reflected by the sheets, as evidenced by results from Barajas-Guzmán et al. (2006) with this material. Other studies conducted under similar arid conditions of the Mediterranean have also reported positive effect of rock fragments as a mulching system on soil water content above 20 cm (Jiménez et al., 2017). In our study, we did not find any effect of fiber mat mulch at any depth. Lack of beneficial impact on solar radiation reflection and on spontaneous vegetation inhibition could explain the absence of fiber mat effects on soil water content as compared to polyethylene or weeding treatments. Other factors could explain the observed differences between materials: the fiber mat does not preclude evaporation as much as a plastic layer, and the size of the polyethylene sheet (6,724 cm2) was almost 30% larger than the fiber mat (5,250 cm2). Contrary to our study, other trials under Mediterranean arid to semiarid conditions found significant and positive effects of straw mulch on water content at 20 cm and beyond (Jiménez et al., 2017) and of different mulching techniques on water content at 20–40 cm (Coello et al., 2018a). The effect of mulching on soil water dynamics apparently follows a complex pattern with interacting factors such as intensity of rainfall events, total precipitation, mulch size, type of material with regard to evaporation-infiltration dynamics, as well as abundance and type of weeds (herbaceous vs. woody) playing key roles (Valdecantos et al., 2014; Coello et al., 2018b; Luna et al., 2018).



4.2. Survival response: Effect of shelters and interactions with soil water dynamics and competition suppression

Overall, tree shelter type had the most significant effect on survival and growth of P. halepensis under our experimental conditions. However, some interactions occurred between factors along the 20-year study period. Survival was maximized for trees in mesh, followed by unprotected pines and was lowest for tubes. High mortality of Aleppo pines protected with tube-shelters could be attributed to the shade intolerance of this species. Additionally, stem volume of pines in tube-shelters was significantly higher during the first 2 years, suggesting preferential allocation to shoot growth at the expense of root growth (but see next Section about potential effect of temperature on aboveground growth). In past studies, root growth of Aleppo pine was reduced under the effect of tube-shelters with identical or similar light transmission than the tested tube in our experiment, while this effect was null for shade tolerant species (Puértolas et al., 2010; Vázquez de Castro et al., 2014; Oliet et al., 2021). The reduction of root growth rate is lethal in plantations under arid conditions, as they cannot reach soil depths where water is still available. In a similar study with Aleppo pine, survival during the first summer after planting was clearly reduced if rooting depth did not reach 30 cm (Padilla et al., 2007). Our study shows that during the first years of establishment, water in the soil profile is mostly available from 30 to 60 cm, but rarely available from 15 to 30 cm and very infrequently in the shallowest 0 to 15 cm horizon (Figure 1). Surviving pines must therefore have reached root depths below 30 cm before the onset of the first summer drought. Interestingly, the intense reductions in the third- and fourth-year survival of pines in tube-shelters after the strong drought of the second year (Figure 2A) supports the hypothesis that this response was probably caused by a reduction in root growth of pines in tubes. A similar reduction in survival was observed in a simultaneous experiment conducted at the same area testing seedling quality effects (Oliet et al., 2009), and other studies have shown survival reductions of shade intolerant species in tree shelters under Mediterranean conditions (Oliet et al., 2003; Padilla et al., 2011). Despite these trends are likely to be site or year-specific (e.g., Barberá et al., 2005), under the current context of aridification and extreme climatic events, which emphasizes the necessity and utility of these long-term works to detect effects of subsequent intense droughts. Although temperatures within shelters were assumed to be higher than ambient (Bergez and Dupraz, 2009; Puértolas et al., 2010), we do not believe that this affected survival of P. halepensis in tube-shelters in our study, due to the high thermal-tolerance of this species to high temperatures (Methy et al., 1997).

The effect of competition suppression on survival was very weak, and only occurred by an interaction with shelter type. Two different interactive effects were found, with reduced survival for non-protected and manually weeded pines and for mesh-protected non-weeded pines (Table 1 and Supplementary Figure 2). We were unable to develop a solid explanation for these results, although we can hypothesize that manual weeding with a hoe could have wounded trees at higher rate if they were non-protected. And mesh could play a protective role against this effect, to the extent of being major interactive cause of differences between meshes and non-protection in survival; in fact, mesh and un-protected pines did not differ in survival for the rest of the treatment combinations (Supplementary Figure 2), what excludes a browsing damage as a potential cause of mortality in non-protected seedlings. Apart from this effect, no significant influence of competition suppression on survival was found. This could be expected, because differences in soil moisture among treatments was very small during the first 3 years after planting. Additionally, they only occurred at 0–15 cm, where water availability is mostly under the wilting point and no root abundance of pines is expected. Studies under arid and semiarid Mediterranean conditions are not very conclusive regarding the effect of mulching on survival, with some studies showing positive effects after 9 years (Jiménez et al., 2013) or weak or null effects under shorter durations (Chaar et al., 2008; Soliveres, 2012; Jiménez et al., 2017; Coello et al., 2018a). Weeding was shown to affect soil water content and survival of this species where herbaceous vegetation is abundant (Cuesta et al., 2010b), but this was not the case in our study (see previous section). Therefore, our study suggests that the use of mulching or weeding in arid areas is an inefficient investment.

Although the mortality rate of plantations is usually highest during the first year in dry ecosystems (Close et al., 2005; Padilla et al., 2009), our study confirms that monitoring survival for more than the first summer is key to detecting cumulative effects that can improve discrimination of some planting treatments: in our case, mortality rate was still much higher for tube-sheltered pines in the fourth year of planting. As a result, survival of sheltered pines was significantly depleted, suggesting that the use of this technology for protecting Aleppo pine is not recommended. Interestingly, another study in Mediterranean semiarid area shows an additional drop in survival after the fourth year of planting for control trees as compared to mulched seedlings (Jiménez et al., 2013). Survival in meshes, however, was identical of that of unprotected pines until the sixth year of planting, and differences diverged significantly thereafter. Additionally, long-term monitoring of survival in this study confirms that mortality is only stabilized after more than 15 years, although differences between protection types remained relatively consistent since the fifth to sixth year. This response underlines the necessity of monitoring restoration to detect potential long-term signals of treatments such as tree-shelters.



4.3. Growth response: Shelter protection and competition suppression

Long-term period analyses help to reveal the dynamics of tree morphology, as well as whether and when differences among tested treatments vanish. Across the 20-year study period we confirmed that, similar to survival, the main effects on growth are determined by vertical protection treatments. In general, solid wall tube-shelters stimulate height and reduce basal stem diameter growth during the first years after planting, which results in dramatic changes in tree morphology (measured as slenderness quotient) during the first years after planting. Changes in slenderness are influenced by the conditions within shelters. Maximum differences among treatments in slenderness quotient were found 3 years after planting (Figure 2C), when most of the pines began to exceed the shelter height. A similar response was found in an experiment using the same tube-shelters with Acacia salicina (Oliet et al., 2016). Tree slenderness can serve as a measure of morphological balance between allocation to primary vs. secondary growth, with those trees with low slenderness values being the most sensitive to stem breakage (Ancelin et al., 2004). Although it is difficult to estimate the slenderness quotient that optimizes stability to young trees, trees growing without protection are the most resistant to bending, and the slenderness quotient values of 73.8 ± 0.6 cm⋅cm–1 reached within tubes 3 years after planting may prevent the ability to remove shelters without causing damage to the seedlings. After the third year of maximum differences, allometry began to converge with non-protected pines, although this convergence took different times among variables: five and 8–13 years for basal stem diameter and height, respectively, with slenderness values being very similar from 14 years of planting in absolute terms, despite differences in slenderness kept statistically significant after 20 years (Figure 2). This result, along with lack of differences in crown projected area among treatments, suggests that after 20 years, tree morphology was similar irrespective of vertical protection applied at planting. Protected trees will attain maximum stability when they reach slenderness convergence with unprotected pines. The period to convergence is species and site specific, with trees requiring a long period to converge on sites as per our study where plants grow slowly (Potter, 1991; Barberá et al., 2005; Jacobs, 2011; Mechergui et al., 2019). Irrigation planting experiments with tube-shelters suggest an earlier slenderness convergence under watering conditions in parallel to faster growth (Oliet et al., 2005, 2016). In temperate forests with fast growing deciduous species, convergence takes 3 to 4 years even within 1.2-m tree shelters (Johansson, 2004).

Tree morphology and allocation dynamics of protected seedlings along time is a complex process that results from the interaction of several factors. Those interactions can be disentangled with an approach based on long-term studies. On one side, light environment within the shelter stimulates a shade avoidance syndrome that includes the promotion of a stem elongation response. This response is boosted mainly by a reduction in red:far red (R:FR) ratio (Smith and Whitelam, 1997) but recent reviews suggests that a reduction of light intensity itself also fosters a similar response (Ballaré and Pierik, 2017). In our study, the brown color of the tree shelter wall transmitted a neutral light, with an R:FR ratio close to open canopy (pers. observ). Therefore, the stimulus for height growth of protected pines in our study may come from the 55% reduction of light radiation. This could explain, among other reasons, why height growth rates of pines in shelters decreased after the third year, when they had outgrown of the top of the shelter. Similar responses were found in a Mediterranean oak (McCreary and Tecklin, 2001). Light environment could also explain the observed reduction in basal stem diameter growth within shelters, as this allocation effect is also part of the shade avoidance syndrome (Ballaré and Pierik, 2017). The reduction on diameter growth in tree-shelters has been consistently reported in many experiments (Navarro-Cerrillo et al., 2005; Devine and Harrington, 2008; Mechergui et al., 2019), some of them with P. halepensis (Vázquez de Castro et al., 2014; Oliet et al., 2021). However, basal stem diameter of tube-sheltered seedlings was not significantly different from those pines protected with meshes, whose foliage was under open light conditions most of the time. Thus, the light environment cannot be considered the main cause of reduced diameter growth for pines in tubes. Solid tubes and meshes would impair the dynamic pressure of the strong winds of the area during first years that would promote the classic tapering stem form (Coutand et al., 2008). Once pines emerged from tubes and meshes (from third year and beyond), crowns widen and wind pressure increases, promoting the thickening of basal stem. In addition, height of pines in mesh is significantly larger than that of non-protected pines during the first 8–13 years (Figure 2B), suggesting that there is a stimulus for growth not explained by light reduction but by an allocative response to the restriction on stem movement, as suggested by other results (Dupraz, 1997; McCreary and Tecklin, 2001; Thyroff et al., 2022). As response in tubes and meshes is similar in stem diameter growth, we hypothesize that this mechanic influence is more important than the photomorphogenic effect of light attenuation for the diameter growth depletion. Additionally, physical restrictions to branch growth both within solid tube-shelter and mesh could explain the reduction in stem thickness, as it has been suggested in other studies (Devine and Harrington, 2008). Other factors that help to differentiate the microenvironments around trees in meshes or solid tubes, such as radiation directionality (direct with sunflecks vs. diffuse, respectively) or wind exposure (Oliet et al., 2019), could also affect dynamics of growth but more research is needed to assess these effects.

The trophic effect of the shelter is not as clear as the allocative one. Based on the results of stem volume, which is strongly correlated with shoot biomass (South et al., 2001), shoot growth of P. halepensis within tube-shelters was significantly higher, occurring as soon as 2 months after planting, and this effect persisted for two more years despite the shade intolerance of Aleppo pine. This striking short-term effect was also observed in a similar study with A. salicina (Oliet et al., 2005) and can be associated with the higher temperature inside this Tubex ® type of shelter (Puértolas et al., 2010), which acted to extend the growing season. After the second year, most pines grew out of the shelter, avoiding the temperature growth promotion effect. Additionally, high mortality rates due to reduction of root exploitation capacity depicts a highly stressful scenario where shoot growth of surviving pines would clearly be reduced.

In this study, the effect of mulching or manual weeding on growth was mostly null. Only an interactive effect between both factors shows that non-protected, manually weeded pines grew less in height than with the other three types of weed suppression treatments during some years of the study. This result is in accordance with survival, revealing a poor vegetative condition for this treatment. Other studies in semiarid and dry Mediterranean conditions show significant effect of mulch on growth, but this is explained by a variation of soil VWC that was not found in our study (Pardos et al., 2015; Jiménez et al., 2017).




5. Conclusion

We demonstrated the importance of long-term analyses of ecotechnologies for forest restoration of arid Mediterranean sites. In our study with Pinus halepensis, mortality stabilized after 9–15 years, although differences among protection types remained relatively consistent after 5 or 6 years. We continued to detect a strong signal of protection type on survival after 20 years with ranking in order of mesh-shelters, non-sheltered, and tube-shelters. Growth differences were primarily observed during the establishment period, with shading in tube-shelters stimulating height growth in shade-intolerant P. halepensis, and reduction of stem movement from wind likely reducing diameter growth. However, growth differences subsided after 3 years once trees emerged from shelters and this effect would likely occur earlier in more mesic regions with faster tree growth. Operationally, our results showed no benefit from competition suppression treatments and a detrimental effect of the use of tube-shelters. Thus, mesh-shelters alone are recommended as the most effective protection method for restoration of P. halepensis under arid site conditions, especially if browsing damages are expected. We suspect that these results may be applicable to other forest tree species for restoration on similar arid Mediterranean sites, although further research should help to confirm this expectation.
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