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The frequency and intensity of drought events are predicted to increase because of climate change, threatening biodiversity and terrestrial ecosystems in many parts of the world. Drought has already led to declines in functionally important tree species, which are documented in dieback events, shifts in species distributions, local extinctions, and compromised ecosystem function. Understanding whether tree species possess the capacity to adapt to future drought conditions is a major conservation challenge. In this study, we assess the capacity of a functionally important plant species from south-eastern Australia (Banksia marginata, Proteaceae) to adapt to water-limited environments. A water-manipulated common garden experiment was used to test for phenotypic plasticity and genetic adaptation in seedlings sourced from seven provenances of contrasting climate-origins (wet and dry). We found evidence of local adaptation relating to plant growth investment strategies with populations from drier climate-origins showing greater growth in well-watered conditions. The results also revealed that environment drives variation in physiological (stomatal conductance, predawn and midday water potential) and structural traits (wood density, leaf dry matter content). Finally, these results indicate that traits are coordinated to optimize conservation of water under water-limited conditions and that trait coordination (phenotypic integration) does not constrain phenotypic plasticity. Overall, this study provides evidence for adaptive capacity relating to drought conditions in B. marginata, and a basis for predicting the response to climate change in this functionally important plant species.
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Introduction

Climate-induced drought events are projected to be more frequent and intense in the future, causing forest dieback and tree mortality events across the world, shifting species distributions and leading to extinctions (Engelbrecht et al., 2007; Goulden and Bales, 2019; Brodribb et al., 2020; Powers et al., 2020; Peters et al., 2021). Drought-related tree mortality has been recorded across continents and biomes with negative consequences on primary productivity and ecosystem functionality (Phillips et al., 2009; Allen et al., 2010; Nardini et al., 2013; Moore et al., 2016; Duke et al., 2017). A major conservation challenge is to understand the vulnerability of natural populations along with the capacity of tree species to adapt to increasing pressures associated with drought.

Plant tolerance to drought stress depends on different functional, structural and physiological traits. For instance, reduction in precipitation levels and associated decreased soil water potential, leads to negative plant water potential resulting in loss in cell turgor, which triggers the closure of stomata as a first response to water stress (Morgan, 1984; Tombesi et al., 2015). However, stomatal closure comes with associated costs, including reduction in photosynthesis and evaporative cooling as well as greater photoreceptive damage (Schulze, 1986; Pirasteh-Anosheh et al., 2016; Buckley, 2019; Henry et al., 2019). To compensate for the immediate impact of water limitation with stomatal closure, plants may adjust functional traits (morpho-physio-phenological traits) (Violle et al., 2007), prioritize resource allocation to different plant organs, and alter their allometry for efficient resource capture, conservation and protection (Eziz et al., 2017; Dai et al., 2020). For example, reduction in leaf size and shoot growth, increased sapwood to leaf area ratio (Huber value, HV), and root to shoot ratio can help to mitigate soil water shortages, while increasing wood density for mechanical support against xylem implosion from negative pressure (Gotsch et al., 2010; Keeley et al., 2011; Eziz et al., 2017; Liang et al., 2021). If water potential continues to decline, irrespective of the trait adjustment, gas bubbles (emboli) develop in the xylem vessel, leading to loss in xylem hydraulic collapse and eventually plant mortality under prolonged drought conditions (Choat et al., 2012; Choat et al., 2018). However, species may avoid this threshold if they can adapt to climate change through a combination of plastic and genetic mechanisms.

The adaptive capacity of a species is defined by its ability to adjust to climate or environmental change by shifting functional traits to enhance growth and survival (Williams et al., 2008; Foden et al., 2019). Trait changes can occur in direct response to environmental change (i.e. phenotypic plasticity) and also result from genetic differences between individual genotypes and populations (i.e. genetic adaptation; Nicotra et al., 2010). Populations from different climate-origins may be locally adapted to their environment and display differential trait expressions when exposed to contrasting environmental conditions. Characterising these differences is key to understanding historical evolutionary responses to environmental change and predicting responses to future environmental challenges (Nicotra and Davidson, 2010; Nicotra et al., 2010; Aspinwall et al., 2015). Experiments aimed at testing for variation in phenotypic plasticity and genetic adaptation among conspecific populations from different climate-origins are essential for determining the availability of genetic variation for adaptation to future climates (Ahrens et al., 2021).

Common garden experiments and reciprocal transplant studies are powerful tools applied in ecological research programs for characterising adaptive genetic differences among plant populations by testing for differential trait expression under controlled environmental conditions (genotype-by-environment interaction, G x E). Such studies involve growing single populations under varying conditions (to test for environmental effect, E), multiple populations with varying climate-origins under controlled common conditions (to test for genetic adaptation or effect, G) or contrasting conditions to test for interactions between genotype and environment, G x E (De Villemereuil et al., 2016). Local adaptation is inferred when higher fitness is observed in populations grown under conditions similar to its climate origin (Leimu and Fischer, 2008; Hereford, 2009). Several studies have documented differential trait expression among populations from different climate-origins; however, there is still a gap in knowledge surrounding the adaptive nature of trait plasticity (Lamy et al., 2014; Mclean et al., 2014; Drake et al., 2015; López et al., 2016; Blackman et al., 2017; Challis et al., 2022). There is mounting evidence relating to the importance of intra-specific genetic variation for adaptation to climate change, yet knowledge of the relative roles of phenotypic plasticity and genetic adaptation to drought is still lacking. Furthermore, the ability of plants to evolve drought tolerance may be constrained by trade-offs (Ramírez-Valiente and Cavender-Bares, 2017) and other interdependent physiological, structural, and growth traits.

Traits are coordinated as part of plant strategies to enhance growth and survival under their growth conditions; however, trait coordination (here after phenotypic integration) can constrain the ability for individual traits to respond to environmental variation through phenotypic plasticity (Gianoli and Palacio-López, 2009; Matesanz et al., 2010). Gianoli and Palacio-López (2009) previously reported that plasticity in response to drought treatment was constrained in key functional traits (e.g. specific leaf area, SLA) by the magnitude of associations with other traits (i.e. trait integration) in two perennial species (Convolvulus chilensis, Lippia alba). Indeed, plants adapted to dry conditions are known to have high trait coordination with conservative attributes (e.g. wood density) constraining growth plasticity (e.g. plant height) in response to high water availability (Kunstler et al., 2015; Nabais et al., 2018), while wet-origin plants are typically more plastic, allowing them to take advantage of additional resources (Münzbergová et al., 2017). As such, a negative correlation is typically expected between trait integration and plasticity (Gianoli and Palacio-López, 2009). However, Matesanz et al. (2021) uncovered a positive relationship between trait integration and phenotypic plasticity using drought response data of a Mediterranean shrub, Lepidium subulatum. Consequently, further investigation is needed to determine if this pattern exists in other plant systems, which traits may be coordinated with enhanced plasticity, and under what environment conditions integrated plastic traits might be favourable.

Banksia is a diverse genus in the Proteaceae with species found across the Australian continent including mesic wet forests, heathlands, and semi-arid open woodlands (George, 1999). Banksia marginata Cav., a functionally important tree species from south-eastern Australian, commonly known as the silver banksia, is a species occurring in savannas and forests. Populations are distributed widely and span a large climatic area including wet-temperate and warm-arid environments, making the species an ideal candidate for exploring phenotypic plasticity and genetic adaptation of drought-related traits. The objective of the study was to disentangle the effects of environment and genotype on trait expression, along with phenotypic plasticity and integration across seven B. marginata populations with contrasting climate-origins (wet and dry) grown under water-limited conditions in a common garden experiment.

Under common garden conditions, we measured growth traits (plant height, total leaf area, and basal diameter), structural and allocation traits (wood density, specific leaf area and leaf dry matter content), and physiological traits (stomatal conductance, predawn, midday water potential and relative chlorophyll content) to test for local adaptation in coordinated drought-related traits. We hypothesized that: i) there will be evidence of local adaptation to wet/dry climate-origins (G x E interaction) such that wet-origin populations grown under well-watered conditions will have greater growth compared to dry-origin populations; ii) structural allocation traits will be determined by climate-origin (G; genotype), such that wood density and leaf dry matter content will be greater in dry-origin populations; iii) physiological traits will be determined by the water treatment (E; environment), such that stomatal conductance and water potential will be reduced under water-limited conditions; iv) trait plasticity will be predicted by climate-origin, such that plasticity will be greatest in wet-origins; and v) trait-integration will constrain phenotypic plasticity, such that greater integration will reduce trait plasticity. This study provides novel empirical data regarding adaptive capacity to climate-induced drought, which is critical for predicting future adaptive responses in this functionally important plant species (Nicotra et al., 2010; Bongers et al., 2017).



Materials and methods




Seed collection and sowing

We selected seven naturally occurring populations of B. marginata with contrasting climate-origins (wet and dry) partitioned by precipitation of warmest quarter (PWQ) (Table S1, supplementary information). Seeds were collected from natural populations from distinct maternal individuals, dried and stored at room temperature. Seeds were sown on 29 January 2020, initially under nursery conditions in Hiko planting trays at the South West TAFE, Sherwood Park Campus growth facility (Warrnambool, Victoria, Australia). After establishment, seedlings were planted into 20 cm pots containing native potting mix (Bio Grow, Mt Gambier – Banksia/Grevillea mix) on 11th of September 2020.




Common garden experimental design

We conducted a water-controlled glasshouse experiment with seven populations of B. marginata using a split block design. The glasshouse regulated temperature through roof vents, misting, and a hydronic pump system (mean temperature 18.9 °C and relative humidity of 57%). Pots were randomly arranged in blocks on pallets (1.1 m x 1.1 m) with two replicates of each population, except FUR which only had a single plant on each pallet due to low germination success. The design consisted of 16 pallets in the growth facility with 4 rows with 4 pallets per row, which was surrounded by a border row of B. marginata plants (not included in data collection) to minimize potential edge effects on the study plants. Pallets were assigned to well-watered and water reduction (water-limited) treatments, alternating treatments between neighbouring pallets. This resulted in 16 replicates per population per treatment (i.e. a total of at least 32 individuals per population), except one population (FUR) with 8 replicates per treatment (16 individuals). Some plants were lost from the experiment as they did not establish or were impacted from other factors (e.g. insect) as such at completion, BAY, JIL, LMS, and MHA populations had 20 individuals while COL, FUR, and WLT had 10, 12, and 15 individuals respectively (i.e. 117 established plants).

Initially, plants were watered by hand twice a week to allow for sapling acclimatisation during the establishment phase. Drippers delivering 3 L/h on 4-way manifolds, connected to 5 mm tubing running along each row from a programmable controller were established. All plants were well watered for 6 weeks before the water treatment was imposed. The frequency and duration of watering events (irrigation) supplied to each pot was adjusted to achieve the significant differences in plant water availability realised in differential growth responses. Plants assigned to the well-watered treatment received irrigation five times per week for 15 minutes (ca. 935 ml per week), while those assigned to the water-limited treatment were irrigated three times per week for seven minutes (ca. 261 ml per week). The well-watered and water-limited treatments received an average water supply of 7.02% (weighing 90 g) and 3.43% (weighing 47 g) respectively. This design was implemented to mimic prolonged water limited stress but to avoid plant death.




Trait measurements

Plant trait measurements were conducted after 129-151 days in the treatment period. Plant growth, functional traits, and in-situ measurements were conducted as follows.




Plant growth

Plant size was measured non-destructively on 14th May 2021 (151 days) on all established plants as indicator of growth. Plant height (Hmax, mm) was measured with a ruler starting from the soil level to the highest tip of the plant. Basal diameter (BD, mm) at the base of each plant was obtained using a digital calliper as an average of two perpendicular measures. Total leaf area (TLA, cm 2) was estimated as the total leaf count multiplied by the average leaf size obtained from the leaf area meter (see functional traits below).




Plant functional traits

Sub-samples of plants were used to estimate functional traits on 14 May 2021 (151 days). Leaf area was estimated on a sub-sample of 10 leaves (fully expanded sun-lit) using a leaf area meter (Li-Cor 3100, LI-COR, Lincoln, NE, USA). Leaf samples were weighed to determine fresh mass and then leaf samples were oven-dried at 70°C for 48 h to obtain dry mass; these data were used to determine leaf dry matter content (LDMC = dry mass (g)/fresh mass (g)). Specific leaf area (SLA) was measured using five (5) well-developed and healthy leaves from five (5) replicate plants per population per treatment were sampled during destructive harvest, scanned through the leaf area meter, and dry mass obtained using the oven. Specific leaf area (SLA) was estimated as the leaf area over the dry mass of the leaf sample [leaf area (cm2)/dry mass (g)]. Wood density was obtained through destructive harvest of the 117 established plants Wood density [stem dry mass (g)/stem volume (cm3)] was estimated on a 5 cm standard length from the base of the main stem. Wood volume obtained using the formula: V= (0.5D) 2 × π × L (Pérez-Harguindeguy et al., 2013), where D is the stem diameter with bark removed measured by averaging three digital calliper measurements (top, middle and bottom), and L is the stem length. Wood samples were subsequently oven-dried for 105°C for 72 h and weighed to determine the stem dry mass.




In-situ measures

Water potential, Ψ (predawn, PD and midday MD, -MPa), stomatal conductance (gs), and relative chlorophyll content (RC) were measured on 22 April 2021 (129 days). A single fully expanded, sun-lit, leaf from five (5) replicates per population per treatment was sampled at predawn (ca 1 hour before sunrise) and midday to obtain leaf water potentials using a Scholander pressure chamber. Stomatal conductance was measured on an adjacent leaf on the same individuals between 10 am and 1:00 pm using a leaf porometer (SC-1 Leaf Porometer) at relative humidity 50-80%. Relative chlorophyll content (RC) was measured using a Digital PhotosynQ device (MultispeQ V.2.0), which is a modified version of the Soil Plant Analysis Development (SPAD) chlorophyll meter (Markwell et al., 1995; Kuhlgert et al., 2016).





Phenotypic plasticity and phenotypic integration

We considered plasticity as trait variation among well-watered and water-limited treatments for each population. Plasticity was calculated by the formula:  , where PP is plasticity index, x is trait, while xMax and xMin are maximum and minimum mean trait values for each population per treatment (Valladares et al., 2000; Valladares et al., 2006; Granata et al., 2020). The index ranges from 0-1, where plasticity index closer to 1 indicates the trait is more plastic.

Phenotypic integration (PI) was estimated as the number of significant correlations a trait has with all other traits, as discussed by Matesanz et al. (2021). Separate estimates of PI were generated for populations from wet and dry climate-origins, as well as PI for the combined dataset. Phenotypic integration (PI) was determined based on trait pair-wise Pearson’s correlation where the number of significant relationships (P< 0.05) was summed for each trait.




Statistical analysis

Linear mixed effect models were used to investigate the significance of genetic or climate-origin (G) and environmental or water treatment factor (E), along with the genotype-by-environment interaction (G x E), while controlling for spatial variation in the glasshouse and populations sampled within climate-origins. The independent fixed factors were climate-origin (G) (wet, dry) and water treatment (E) (WW, WL), while planting block (pallet) and population were used as random variables in the mixed effects model conducted using the lmer function in the R package (Bates et al., 2015). Model residuals were inspected; appropriate data transformations and removal of extreme outliers were performed where necessary. Kenward Roger degrees of freedom approximation was used to obtain the analysis of variance (ANOVA) for the mixed effects models. We used post-hoc Tukey tests to determine significant differences between climate-origins and treatments using the ‘emmeans’ R package (Lenth et al., 2020). Principal component analysis (PCA) was used to determine levels of trait coordination between selected traits and climatic variables obtained from Worldclim using rda function in vegan R statistics package. Probability level of 95% was used to draw the ellipses in the PCA. Trait correlations was further tested using through bivariate linear models.




Results




Growth traits

Plant height (Hmax) was determined by environment (E) and genotype-by-environment interaction (G x E). Total leaf area (TLA) was determined by genetic differences (G), environment (E) and G x E, while basal diameter was determined by E only (Figure 1; Table 1). Hmax, TLA and BD were significantly higher under well-watered (WW) conditions (560.32 ± 25.08 mm, 24975.49 ± 1688.52 cm2, 16.58 ± 0.47 mm, respectively) compared to water-limited (WL) conditions (257.48 ± 17.52 mm, 9655.47 ± 834.55 cm2 and 10.89 ± 0.37 mm, respectively). Dry-origin populations had greater but not significant Hmax (597.96 ± 30.68 mm), and TLA (21843.92 ± 2808.32 cm2) under WW conditions compared to wet-origin populations (Hmax, 533.43 ± 36.68 mm; TLA, 16426 ± 1403.43 cm2, Table 1). Conversely, dry-origin populations had lower (but not significant) Hmax (221.5 ± 19.38 mm) and TLA (8288.82 ± 708.38 cm2) in WL conditions compared to wet-origin populations (Hmax, 280.76 ± 25.41 mm and TLA, 10601.61 ± 1284.01 mm2, Table 1). However, TLA was higher in dry vs wet populations only in WW conditions (Figure 1).




Figure 1 | Trait expressions of wet and dry climate-origin populations under water-limited (WL) and well-watered (WW) treatments. G means genotype differences (or climate-origin differences), while E means environment (treatment differences). G x E means interaction between G and E i.e., genotype-by-environment. Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ns not-sigificant. The results of the Tukey posthoc test are shown with letters above the bars. Different letters are significantly different, while the same letter is statistically similar.




Table 1 | Analysis of variance testing for effect of water treatment (environment, E), climate-origin (genotype, G) and treatment and climate origin interaction (G x E) on trait expression.






Structural and physiological traits

Variation in structural traits (WD and LDMC) were determined by water treatment differences (E) except in leaf dry matter (LDMC) where climate-origin (G) effect was also significant (Figure 1; Table 1). Differences in wood density was driven by E, such that we observed significantly higher WD (0.61 ± 0.03 g cm-3) in WL conditions compared to WW conditions (0.51 ± 0.02 g cm-3, Figure 1). Differences in LDMC were determined by both G and E (Figure 1; Table 1). We observed significant higher LDMC (0.30 ± 0.01 g/g) in WL conditions compared to WW conditions (0.27 ± 0.01 g/g), and LDMC was significantly higher in wet-origin (0.294 ± 0.01 g/g) than dry-origin populations (0.274 ± 0.01 g/g). We observed significant G x E interaction in SLA (Figure 1; Table 1). In WW conditions, SLA was significantly greater in dry-origin populations (184.79 ± 28.19 cm2/g) compared to wet-origin populations (119.28 ± 5.28), but in WL conditions, dry-origin populations (113.29 ± 11.99) had lower (though not significant) SLA than wet-origin populations (151.29 ± 19.35).

Variation in physiological traits (gs, PD and MD) were determined by treatment differences (E), except relative chlorophyll (RC) which had limited variation irrespective of the environment and genotype (Figure 1; Table 1; MD Figure S1). gs was significantly higher in WW conditions (399.9 ± 15.8 mmol m-2 s-1) compared to WL conditions (121.1 ± 28.2 mmol m-2 s-1), indicative of stomatal regulation conserving water under water limitation. While water potentials (PD and MD) were significantly lower (greater negative potential) in WL conditions (PD, -1.36 ± 0.08 MPa; MD, -1.89 ± 0.07 MPa) compared to WW conditions (PD, -1.06 ± 0.08 MPa; MD, -1.60 ± 0.06 MPa)  (Figure S1), these values indicate the plants adjusted to the drought conditions, limiting water loss and growth. No significant climate-origin (G) or interaction (G x E) effects were detected for physiological traits.




Trait coordination and correlation

The principal components analysis (PCA) revealed distinct clusters for each climate-origin and treatment combination based on the two main axes of variation (PC1 and PC2), accounting for 47.8% of the total variation (Figure 2). PC1 accounted for 27.2% of total variation, and was associated positively with Hmax, BD, TLA, gs and negatively with PD, MD and LDMC. In contrast, PC2 accounted for 20.6% of the total variation, was positively associated with WD, PD, MAT and negatively with gs, MAP and PWQ (Figure 2). The PCA shows separation of climate-origin (wet/dry) on the y-axis (PC2) and separation of the treatments on x-axis (PC1). The dry-origin has relatively well defined (separate) treatment groups compared to wet-origin with overlap WW and WL treatments groups (Figure 2).




Figure 2 | PCA analysis of plant traits for wet and dry origin populations grown under different water treatments. Open and closed shape signifies dry and wet-climate-origin, while blue-circle and red-square signifies water-limited and well-watered treatments.



Trait relationships were explicitly explored using bivariate linear models. We found that Hmax was positively related to gs (R2 = 72, P = 0.000) and negatively related to PD, LDMC and WD (R2 = 63 P = 0.001, R2 = 52 P = 0.007, R2 = 41 P = 0.019, Figure 3). TLA was also positively related to gs (R2 = 65 P = 0.000) and negatively related to PD and LDMC (R2 = 31 P = 0.03, R2 = 65 P = 0.001), but not related to WD (R2 = 15 P = 0.09). Similarly, BD was positively related to gs (R2 = 56 P = 0.001) and negatively related to PD, LDMC and WD (R2 = 54 P = 0.002, R2 = 55 P = 0.004, R2 = 51 P = 0.003).




Figure 3 | Bivariate relationships of growth, morphological and physiological traits. Hmax, maximum plant height; gs, stomatal conductance; WD, wood density; PD, predawn water potential; TLA, total leaf area; TLA, total leaf area; BD, basal diameter and LDMC, leaf dry matter content. Open and closed shape signifies dry and wet climate-origin, while blue-circle and red-square signifies water-limited and well-watered treatments. R2 adjusted R-squared. Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.






Phenotypic plasticity and its relationship with phenotypic integrations

We observed trait plasticity in response to water treatments, however, the level of plasticity varied among traits and climate-origins (Figure 4). Across climate-origin, gs had the highest plasticity index (0.69) followed by TLA (0.57) and Hmax (0.55), while RC and LDMC had the least plasticity (0.16) followed by MD (0.17) and WD (0.20) (Figure 4). There was a significant difference among climate-origins in the level of plasticity found for growth traits (Hmax and TLA) and the structural allocation trait, LDMC, such that dry-origin had significant higher plasticity in these traits than wet-origin (Figure 4). While not significant this trend for greater plasticity in dry-origin plants was observed for all other traits, except leaf water potentials (MD, PD) and WD where plants from wet-origins tended to have more plasticity.




Figure 4 | Variation in phenotypic plasticity between wet and dry climate-origin. Hmax = maximum plant height, gs = stomatal conductance, WD, wood density; PD, predawn water potential; MD, midday water potential; TLA, total leaf area; SLA, specific leaf area; BD, basal diameter and LDMC, leaf dry matter content. Letter signifies differences in trait plasticity, while dark and grey colours represents wet and dry climate-origin, respectively.



In terms of overall trait integration, gs and BD had the highest trait associations (5), followed by TLA (4), while RC had the least (zero) with no association with any other traits (Figure 5A). These patterns of trait integration were largely maintained for wet and dry climate-origins (Figures 5B, C) with most traits having similar levels of integration ( ± 1) except for Hmax and PD which both showed increased (+2) trait integration in dry-origin plants (Figures 5A–C). We found that all growth-related traits had a significant positive relationship with each other (Hmax vs TLA, R2 = 76, P= 0.001; Hmax vs BD, R2 = 45, P= 0.04; TLA vs BD, R2 = 53, P= 0.02).




Figure 5 | Trait integration and its relationship with phenotypic plasticity across wet and dry climate-origin (A, D), within wet-origin (B, E) and dry-origin (C, F). Each point represents a trait. Hmax, maximum plant height; gs, stomatal conductance; WD, wood density; PD, predawn water potential; MD, midday water potential; TLA, total leaf area; SLA, specific leaf area; BD, basal diameter and LDMC, leaf dry matter content. R2 adjusted R-squared. Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.



We observed significant associations between trait plasticity and integration even in populations varying in climate-origin, such that trait plasticity was predicted by trait integration (wet and dry origin R2 = 0.62; wet-origin, R2 = 0.75, dry-origin R2 = 0.75; Figures 5D–F respectively). In all comparisons, gs had high plasticity and integration, moderate-high for growth traits (Hmax, TLA, BD), and RC, MP, WD and LDMC had low plasticity and integration.




Discussion

The objective of the study was to investigate the influence of phenotypic integration, plasticity and genetic adaptation on adaptive capacity relating to drought in B. marginata. To achieve this, we explored the effects of environment and genotype on trait expression, as well as trait integration, across wet- and dry-origin populations of B. marginata grown under water-manipulated common garden conditions. We provide evidence of differential responses to water limitation among populations from contrasting climate-origins, indicating significant genotype x environment (G x E) interactions and genetically determined adaptive differences among B. marginata populations. We also demonstrate significant trait plasticity, such that drier origin populations had greater plasticity in growth (Hmax and TLA) and structural (LDMC) traits than wetter origin populations. Our findings also suggest that traits were coordinated to optimize water conservation under water-limited conditions, and that phenotypic integration does not limit plasticity of traits. Overall, this study provides evidence for adaptive capacity to drought in B. marginata, and a basis for predicting future adaptive responses to climate change in this functionally important plant species.




Evidence of local adaptation in growth investment strategies

Local adaptation to different environments is a significant process leading to ecological specialization in plants (Vanwallendael et al., 2019). Trade-offs in resource allocation to enhance growth or persistence have been well recognised in locally adapted populations with different exposure to drought (MacTavish and Anderson, 2020). Our common garden experiment revealed differential responses to water limitation among B. marginata populations varying in climate-origins and provides evidence for local adaptation relating to drought. We found significant G x E interactions in growth (Hmax, TLA) and allocation (SLA) (Table 1), suggesting a possible differential responses in carbon investment. Specifically, dry population had higher TLA and SLA in WW conditions compared to wet population suggesting that when water is not limiting, dry populations invest lower carbon for leaf construction and can produce more leaves or leaves with a higher area. While there was no significant differences in growth, the reduction in Hmax, TLA, and SLA under WL conditions in dry populations compared to wet populations could suggest that genotypes from drier climate-origin may have reduced investment in growth under WL. These findings are supported by other studies on woody plants showing G x E patterns across species climatic distributions (Ahrens et al., 2020; Challis et al., 2022). This demonstrates evidence of local adaptation in growth strategies under water-limited conditions among B. marginata populations and suggests a trade-off between leaf area for growth and investment in structural tissue for resilience under water-limited conditions in drier populations. While we did not find support for G x E patterns in structural (WD and LDMC) and physiological (stomatal conductance, gs and water potential) traits, other studies have previously found them to be associated with local adaptation (Malan and Verryn, 1996; Lima et al., 2000; El-Soda et al., 2014; Challis et al., 2022). These findings also indicate that plants from dry climate-origin could have potentially evolved genotypes that allow them to cope with water stress by employing conservative growth strategies, but also to switch to resource utilization (i.e. greater growth) under favourable conditions. However, this may also enhance the vulnerability of drought-adapted populations in cases where abundant rainfall during the growth phase is followed by drought conditions.




Determinant of plant growth

Plant growth has previously been suggested to be linked to environmental variability, with reduced growth often characteristic of resource limitation (i.e. arid environments; Chaves et al., 2002). Similar to previous studies, we found growth traits (Hmax, TLA and BD) were determined by environment (Figure 1; Table 1), such that reduced growth was observed under water limited conditions compared to well-watered conditions (Moles et al., 2009; Wright et al., 2017; Henn et al., 2018; Zhu et al., 2020). This highlights the potential for shifts in climatic variables (e.g. rainfall) to influence the performance of B. marginata populations spanning the species’ distribution.

Our findings support theoretical and empirical studies (Drake et al., 2013; Li et al., 2018; Buckley, 2019; Duursma et al., 2019) in showing that gs is correlated with plant size, such that growth rates decline with greater stomatal regulation under water-limited conditions. The reduction in gs under water stress conditions results in reduced carbon uptake critical for growth and helps to reduce exposure to further water loss through evapo-transpiration while increasing allocation for structural traits (LDMC and WD, Figure 3). Indeed, we also found support for structural traits determining growth, such that in water-limited conditions, plants tend to have conservative attributes (e.g. WD and LDMC) constraining growth. This suggests there is a trade-off between growth and structural traits, which is driven by environmental conditions (Roderick and Berry, 2001; Fajardo, 2022). However, there is need for further research to more fully understand other mechanisms influencing plant growth under water-limited conditions (e.g. rooting structures and allocation of biomass above and below ground).




Determinant of drought tolerance traits (physiological and structural)

We found physiological (gs, Ψ PD) and structural traits (WD, LDMC) were directly influenced by environment (E), suggesting the potential for trait shifts with climate (e.g. rainfall). The pattern observed in our study clearly conforms to the broader scientific literature, showing that water limitation results in decline in Ψ, reduction in gs and increase in WD (Hacke et al., 2001; Roderick and Berry, 2001; McCulloh et al., 2011; Liang et al., 2021). For example, under water stress conditions, water potential (Ψ a good indicator of physiological stress) gradually declines, increasing the negative pressure of the xylem leading to a potential loss of hydraulic conductivity (Choat et al., 2018; Liang et al., 2021). To prevent the continuous decline of xylem water potential, plants tend to adjust traits that can maintain internal water balance. Reduction in gs is often the first line of response to prevent further water loss and the decline of xylem water potential (Tombesi et al., 2015; Buckley, 2019). While our treatment was not designed to cause critical water stress (indicated by the MD Ψ > 2 MPa), we were successful in reducing growth and observed a large reduction in gs, along with increased allocation to structural tissues, in water-limited plants. The reduction in gs under water limitation has significant implications on carbon assimilation and allocation for structural reinforcement.

Structural traits account for carbon investment in construction of water conducting tissues enhancing tolerance to water stress at expense of growth in stress conditions (Chave et al., 2009; Martínez-Cabrera et al., 2009; Liang et al., 2021). Under water stress conditions plants tend to allocate more resources for construction of denser structural tissues (e.g. denser wood and leaf tissue) as smaller plants with greater structural allocation would be less vulnerable to droughts (Hacke et al., 2001; Pittermann et al., 2006; Sperry et al., 2006; Lauder et al., 2019; Fajardo, 2022). WD is regarded to be an important structural trait indicating drought resistance (Hacke et al., 2001; Greenwood et al., 2017; Rosner, 2017; Liang et al., 2021). Contrary to our expectation that WD would be genetically determined (Lenz et al., 2010; Soro et al., 2022), we found that WD was determined by environment (E), such that water-limited plants had greater WD compared to well-watered plants. This demonstrates that wood density may be plastic in response to shifts in water supply. Similar findings have also been reported with water limitation acting as determinant of WD, with denser wood often portrayed as mechanical and structural reinforcement to prevent xylem implosion resulting from decline in water potential (Hacke et al., 2001; Searson et al., 2004; Onoda et al., 2010; Markesteijn et al., 2011). In support of the trade-off mechanism between growth and structural investment, we also found that LDMC was determined by environment (E), such that water-limited plants had greater LDMC compared to well-watered plants (Figure 1). This further demonstrates that structural traits are plastic in response to sustained periods of water shortage. Hence, plants may be able to shift plastically from growth to structural investment to persist in dry regions.

Structural traits are thought to be genetically determined and influenced by selection to optimise growth and structural support under varying rainfall conditions. While WD was not found to differ between wet and dry climate-origins, it has been found to be a heritable trait in woody plants (Lenz et al., 2010; Ahrens et al., 2020; Soro et al., 2022). In addition to environment determining structural traits, we found the leaf construction cost trait (LDMC) (Grassein et al., 2010) was also determined by climate-origin (G). This suggests that variation in LDMC may be partly heritable and genetically controlled. Wet-origin plants had greater LDMC (i.e. less water content) compared to dry climate-origins, suggesting a slow investment-return strategy in wetter origins (Zhu et al., 2020).




Traits are coordinated mechanistically as a whole-plant strategy

Trait expressions are important in defining species ecological strategies. Thus, understanding the constraints on trait variation under different environments may provide useful insights into how species respond to climate change. In this study, we provide evidence that intraspecific trait expressions are coordinated and partitioned with the primary axis of trait variation associated with water-treatment and the secondary axis associated with climate-origin (see multivariate PCA analysis). This demonstrates that trait expressions are closely aligned to form functional axes of specializations either for resource conservation or utilization (Maire et al., 2013; Díaz et al., 2016).

The influence of environment in shaping the coordination of water-dependent and tolerance traits (e.g. MD, PD, LDMC and WD) defines the avoidance strategies a species may employ under water limited conditions. Our common garden experiment showed gs to be negatively associated with tolerance traits, indicating lesser priority for carbon uptake for growth compared to hydraulic safety (Scholz et al., 2008). Plants exposed to water-limited conditions tended to invest more in the development of denser stems and leaves, while regulating growth and exposure to evapotranspiration via reduced carbon uptake (i.e. decreased gs). Conversely, under well-watered conditions, growth traits (TLA, Hmax, and BD) and gs were coordinated as a rapid water utilisation strategy, such that plants with greater gs had greater investment in growth. In support of our findings, larger plants tend to have increased gs associated with increased photosynthesis and respiration critical for the development of growth tissues (Wong et al., 1979; Henry et al., 2019). Furthermore, results from the bivariate relationships confirm there was a mechanistic switch in strategy from rapid growth to slow growth under water limited conditions. Adjusting stomatal conductance mechanistically was critical to controlling resource investment for growth or tolerance, as gs was positively related to all growth traits and negatively to tolerance traits. Hence, reduced gs was associated with declines in water potential and greater LDMC. Higher LDMC highlights the absence of intercellular space and high mesophyll tissue resistance to gas diffusion, thus reducing leaf transpiration (Liu et al., 2019).

A signature of climate-origin is evident in the multivariate PCA analysis with defined clusters for plants from wet- and dry-origins. While the differences among climate-origins is predominantly driven by climatic predictors, the second principal component is also positively associated with WD and PD. Interestingly, the water treatment differences are more distinct for plants from dry-origins compared to wet-origin plants which show partial overlap in trait space. This indicates the possibility of greater plasticity in growth and structural traits in dry-origin compared to wet-origin plants (Kreyling et al., 2019). The differences in plasticity may be attributed to climatic differences driving local genetic adaptation among populations (Kingsolver and Buckley, 2017). Our findings highlight that trait coordination influences plant responses to water limitation, revealing the importance of incorporating varied traits and genotypes when accounting for different strategies in predicting species responses to climate change.




Variation in trait plasticity between wet and dry climate-origin

Theory predicts that climatic variability selects for genotypes that facilitate greater plasticity (Matesanz et al., 2010; Dostál et al., 2016; Carvajal et al., 2017; Vázquez et al., 2017; Stotz et al., 2021). Drier populations usually experience greater variability in rainfall and temperature, occupying the lowest and upper continuum in species climatic ranges, respectively. This appears to apply to B. marginata, as we found that populations from dry climate-origin had greater plasticity in growth (Hmax and TLA) and structural allocation (LDMC) traits compared to those of wet-origins. Overall, this suggests that drier populations may possess the capacity to adapt to future climate change through phenotypic plasticity (Alvarez-Maldini et al., 2020). Across climate-origin, gs was more plastic while LDMC was least plastic, suggesting higher level of gs variability compared to structural traits (e.g. WD, LDMC) in response to shift in water availability. In support of our findings, studies have shown that phenotypic plasticity in physiological traits (gs) are greater than structural leaf and wood traits (Bongers et al., 2017). This is true as physiological traits (e.g. gs) rely on regulatory mechanism, often flexible and easily adjustable by plants in response to environmental stimulus to avoid stress but structural traits are more fixed with limited opportunity for dynamic change, often related to ontogeny and long-term growth conditions (Quero et al., 2006; Bongers et al., 2017). This variation in trait plasticity may constrain the expression of trait variation where other dependent traits are less plastic and limit plants ability to respond to drought.




Phenotypic integration (PI) does not constrain phenotypic plasticity (PP)

We found evidence that phenotypic integration (i.e. correlation with other traits) does not limit the ability to express plastic responses. Unlike previous studies that have indicated trait integration to constrains plasticity in some plant species (Gianoli and Palacio-López, 2009; Matesanz et al., 2010). We observed a positive relationship between PI and PP suggesting plasticity increases with trait integration across different climate-origins. A similar finding was reported in a recent study by Matesanz et al. (2021) showing that trait plasticity was positively related to trait integration. This suggests that PI-PP association may be complementary and provide an alternative strategy for plants to adapt to different climate-origins. Traits that are strongly integrated were more plastic than less integrated traits. This implies that suites of highly plastic and integrated traits shift together in a coordinated way to variation in water availability in contrast to poorly integrated traits. Our findings have implications in reshaping the old-theory that PP and PI are alternative mechanisms to incorporate the co-adaptation of interdependent traits in response to environmental change. However, care should be taken in scaling this finding to the global scale as genetic differences in some traits could influence the pattern observed.




Conclusions

This study highlights the importance of environment (E), genotype (G) and their interaction (G x E) in shaping trait expression in B. marginata, which is crucial for predicting the response of this functionally important tree species under climate change. We found evidence of local adaptation associated with growth (Hmax, TLA and SLA), signifying the potential of adaptive strategies for shifting investment from growth to structural tissues through stomatal regulation as a buffer to changes in water availability, particularly in drier-origin populations. Water availability had a significant influence on the expression of physiological, structural, growth and allocation traits (gs, WD, Hmax, TLA, BD and LDMC), demonstrating the potential of changing climates to impact species performance and distribution patterns. We found traits to be coordinated mechanistically as a whole-plant response to water-availability, and that dry-origin populations are more plastic than those of wet-origin, suggesting that drier populations are locally adapted and less vulnerable to drought conditions. This study also provides evidence to reject the theory of plasticity being constrained by trait-integration, suggesting some plant traits work in coordination to respond to shifts in water availability. Further studies to test the generality of this phenomenon across populations and species is needed, along with exploration of broader trait pairs, including above and belowground traits. Overall, our data highlights to adaptive capacity of species to persist under climate change through plasticity of coordinated traits shifting in concert as a mechanism for species survival to future drought events.
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