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Trade-Offs in Phosphorus Acquisition Strategies of Five Common Tree Species in a Tropical Forest of Puerto Rico
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Tree species that are successful in tropical lowlands have different acquisition strategies to overcome soil phosphorus (P) limitations. Some of these strategies belowground include adjustments in fine-root traits, such as morphology, architecture, association with arbuscular mycorrhizal fungi, and phosphatase activity. Trade-offs among P-acquisition strategies are expected because of their respective carbon cost. However, empirical evidence remains scarce which hinders our understanding of soil P-acquisition processes in tropical forests. Here, we measured seven fine-root functional traits related to P acquisition of five common tree species in three sites of the Luquillo Experimental Forest in Puerto Rico. We then described species-specific P-acquisition strategies and explored the changes in fine-root trait expression from 6 months before to 6 months after two consecutive hurricanes, Irma and María, passed over the island. We found that variations in root trait expression were driven mainly by the large interspecific differences across the three selected sites. In addition, we revealed a trade-off between highly colonized fine roots with high phosphatase activity and fine roots that have a high degree of branching. Furthermore, the former strategy was adopted by pioneer species (Spathodea campanulata and Cecropia schreberiana), whereas the latter was adopted by non-pioneer species (mostly Dacryodes excelsa and Prestoea montana). Additionally, we found that root trait expression did not change comparing 6 months before and after the hurricanes, with the exception of root phosphatase activity. Altogether, our results suggest a combination of structural and physiological root traits for soil P acquisition in P-poor tropical soils by common tropical tree species, and show stability on most of the root trait expression after hurricane disturbances.
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INTRODUCTION

The availability of soil inorganic phosphorus (orthophosphate; hereafter, available P) strongly limits plant growth in lowland tropical forests where climate conditions lead to high soil weathering rates (Walker and Syers, 1976; Vitousek and Sanford, 1986; Reed et al., 2011; Lugli et al., 2021). Tree species that are successful in tropical lowlands have multiple acquisition strategies to overcome P limitation (Zalamea et al., 2016; Lugli et al., 2021). Aboveground, plants may increase P-use efficiency, which in turn leads to higher retention time of P in the canopy and higher resorption efficiency of P as tissues senesce (Paoli et al., 2005; Dalling et al., 2016). Belowground, plants optimize P acquisition by displaying multiple strategies commonly described by the expression of the traits of the narrowest, most absorptive roots (i.e., fine roots) and their mycorrhizal symbionts (Bardgett et al., 2014; Kramer-Walter et al., 2016; Weemstra et al., 2016; McCormack and Iversen, 2019; Bergmann et al., 2020; Lugli et al., 2021). Fine-root and mycorrhizal fungal trait expression is closely related to root function, such as resource foraging and uptake. For example, specific root length (SRL) and root branching are linked to soil space occupancy while root phosphatase activity and mycorrhizal colonization are critical determinants of P uptake (Lee, 1988; McCormack et al., 2017; Freschet et al., 2021).

Belowground, adjustments in morphology, architecture, association with arbuscular mycorrhizal fungi, and phosphatase activity expression may be all viable P-acquisition strategies. First, plants may alter the morphology of their fine roots in such a way as to increase their total absorptive length per unit of biomass (i.e., high SRL) and to decrease their thickness (Treseder and Vitousek, 2001; Santiago, 2015). These morphological adjustments enable plants to maximize resource acquisition while minimizing the cost of root tissue construction and maintenance (Valverde-Barrantes et al., 2015; Weemstra et al., 2016; McCormack and Iversen, 2019). Within the conceptual framework of the root economic space, this strategy is named the “do-it-yourself” strategy (Bergmann et al., 2020), which associates a competitive advantage with exploration of a larger soil volume and faster P assimilation over species that build shorter, thicker-diameter roots (Hodge, 2004; Kong et al., 2014; Liu et al., 2015). Second, plants that construct short, thick, fine roots may still acquire P effectively by outsourcing to mycorrhizal fungi—also called the “outsourcing” strategy (Comas et al., 2014; Kong et al., 2014; Eissenstat et al., 2015; Liu et al., 2015; Kramer-Walter et al., 2016; Ma et al., 2018; Bergmann et al., 2020). Arbuscular mycorrhizal (AM) fungi associate with most neotropical trees and efficiently forage for P in spaces away from P-depleted rhizospheres via extraradical hyphae. In turn, P is translocated to the plant host within arbuscules and intracellular hyphal coils in exchange for photosynthetically fixed carbon (Smith and Smith, 2011). Third, plants may adjust fine-root physiological traits to overcome soil P-limitation by regulating the exudation of phosphatase (Hinsinger, 2001; Treseder and Vitousek, 2001; Vance et al., 2003; Olander and Vitousek, 2004; Lambers et al., 2006). The mineralization of organic P by both root and microbial phosphatase, such as phosphomonoesterase (PME) is especially important in soils of tropical forests where organic P can comprise 30–60% of soil P (Smith and Read, 2008; Kong et al., 2014; Liu et al., 2015; Cabugao et al., 2017; Lugli et al., 2019).

Research on belowground P-acquisition strategies suggests that plants simultaneously adjust the expression of multiple fine-root traits related to P-acquisition to overcome soil P limitation (Lugli et al., 2019, 2021). Therefore, root morpho-architectural adjustments, association with AM fungi, and phosphatase activity may be complementary strategies as opposed to alternatives (Smith and Read, 2008; Turner, 2008; Nasto et al., 2019), but empirical evidence remains scarce in tropical ecosystems. For example, Lugli et al. (2019) found no relationship between mycorrhizal colonization and fine-root morphological traits at the ecosystem level, but SRL and phosphatase activity were shown to be related (Lugli et al., 2019; Cabugao et al., 2021). However, at the species level, thicker roots exhibited higher AM fungal colonization and more P-mobilizing exudates (Zangaro et al., 2005; Wen et al., 2019). Furthermore, the relationship between fine-root architectural traits (i.e., root branching) and mycorrhizal colonization has received little attention at the species level in the tropics (Kong et al., 2014; Liu et al., 2015). Altogether, the relationships among fine-root morphology, architecture, root phosphatase activity, and microbial associations remain understudied in tropical plant species, and the place of these relationships within the root economic space remains indeterminate (Treseder and Vitousek, 2001; Lugli et al., 2019; Nasto et al., 2019). This partly stems from the paucity of studies that measure “hard” traits, such as root enzymatic activity and mycorrhizal colonization. However, “hard” traits generally strongly relate to root function compared to the commonly measured “soft” traits, such as SRL and root nitrogen concentration (Freschet et al., 2015, 2021). To date, knowledge on the relationships among plant fine-root traits related to P acquisition in lowland tropical forests mostly comes from community or ecosystem level studies (Lugli et al., 2019, 2021; Addo-Danso et al., 2020; Cabugao et al., 2021). Consequently, individual relationships between fine-root morphology, phosphatase activity, and mycorrhizal colonization at the species level are underexplored. Yet, plant species can have a strong influence on root and microbial phosphatase activity (Cabugao et al., 2017; Guilbeault-Mayers et al., 2020) and they are likely to differ widely in their nutrient requirement (Townsend et al., 2007). Furthermore, plant species of different successional status are likely to differ in their fine-root trait expression, which may inform their resource acquisition strategies (Coll et al., 2008; Xiang et al., 2013; Caplan et al., 2019).

Here, we describe belowground P-acquisition strategies of five common tree species that have different successional status (two pioneers and three non-pioneers) growing in the lowland tropical wet forests of Puerto Rico, where residence time of soil labile P is short (Liptzin et al., 2015). For each species, we explored relationships among fine-root traits related to P acquisition (Freschet et al., 2021), such as (i) morphological, architectural, and chemical traits (SRL, diameter, P concentration, branching intensity, and branching ratio) and (ii) physiological and microbial traits (root phosphatase activity and mycorrhizal colonization intensity). Based on results from tropical lowland studies (Lugli et al., 2019) and the conceptual root economic space framework (Bergmann et al., 2020), we hypothesized that: (H1) root phosphatase activity and architectural traits would covary with morphological traits, such that high root phosphatase activity would relate to high root branching ratio or intensity and high SRL, representing complementary P-acquisition strategies (combined strategy); and (H2) mycorrhizal colonization would negatively covary with phosphatase activity, branching ratio or intensity, and SRL, representing a trade-off in P-acquisition strategies. Furthermore, (H3) both strategies would covary with root P concentration assuming that root P is an indicator of plant P status and likely reflects P acquisition (based on our analysis of data in Holdaway et al., 2011; Schreeg et al., 2014; Supplementary Figure 1). Altogether, we expected that the existence of a trade-off between these two strategies would lead tree species to adopt one or the other. Most of the analyses we made in this study focused on fine roots collected 6 months after two consecutive hurricanes passed through Puerto Rico in 2017. We used this unique opportunity to also explore differences in some of the aforementioned root traits before and after the hurricanes for each tree species.



MATERIALS AND METHODS


Study Site and Sampling

In March 2017, we selected three sites in the Luquillo Experimental Forest (LEF; Figure 1 and Table 1) in Puerto Rico. Two sites were close to El Verde Field Station (EVS and EV1; ca. 550 m a.s.l.), and one site was near the USDA Forest Service Sabana Field Research Station (SB2; 150 m a.s.l.). The EVS site is a mature forest with the greatest concentration of soil organic P of the three sites, EV1 is a secondary forest, and SB2 is a young secondary forest with the greatest concentration of soil available P (Brown et al., 1983; Scatena, 1989; Uriarte and Zimmerman, 2017; Table 1). We sampled fine roots of the most common tree species at these sites including (1) Cecropia schreberiana Miq. (Urticaceae) (native pioneer), (2) Dacryodes excelsa Vahl (Burceraceae), Prestoea montana (Graham) G. Nicholson (Arecaceae) and Calophyllum calaba L. (Calophyllaceae) (native non-pioneers) and (3) Spathodea campanulata P. Beauv. (Bignoniaceae) (non-native pioneer). Only Prestoea occurred at the three sites, Cecropia, and Calophyllum occurred at both EV1 and SB2, while Spathodea only occurred at SB2, and Dacryodes was collected only from EVS. All tree species form symbioses with AM fungi.
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FIGURE 1. Map of the Luquillo Experimental Forest (LEF)—Puerto Rico, with the location of the studied sited (red circles). Two sites (EV1 and EVS) were located near El Verde Field Station, and one site (SB2) was located near the USDA Forest Service Sabana Field Research Station.



TABLE 1. Environmental conditions of the studied sites at the Luquillo Experimental Forest (LEF).

[image: Table 1]We selected three mature individuals (>10 cm of DBH) from each species that were at least 10 m away from each other and collected at least two root samples from each tree (composed of multiple fine-root branches) by tracing out two coarse roots of each tree from the tree bole until reaching the fine-root system (∼ 2 m away from the tree boles). We combined the two samples per tree, and then we used three subsamples for subsequent root analyses: (i) we assessed mycorrhizal colonization at the Center of Applied Tropical Ecology and Conservation of the University of Puerto Rico (samples were kept in 75% ethanol), (ii) we measured phosphatase activity at Oak Ridge National Laboratory (ORNL; Cabugao et al., 2021), and (iii) we conducted morphological and architectural analyses at the USDA Sabana Field Station Puerto Rico; once dried, we used those samples to measure root P concentration at ORNL. Due to sampling restrictions, we did not measure root phosphatase activity for Spathodea, and we did not assess mycorrhizal colonization before the hurricanes; we made all other measurements both before and after the hurricanes (March 2017 and 2018, respectively).



Fine-Root Trait Measurements

We measured seven fine-root traits from which five were directly related to P acquisition according to Freschet et al. (2021): root phosphatase activity, mycorrhizal colonization, SRL, root branching ratio, root branching intensity. We included root diameter as often this trait is related to mycorrhizal colonization (Bergmann et al., 2020), and root P concentration assuming this trait is an indicator of plant P status and reflects P acquisition (based on our analysis of data in Holdaway et al., 2011 and Schreeg et al., 2014; Supplementary Figure 1).

We used the subsample for morphological and architectural trait measurements (ca. five branches in total) from each tree species and separated them by root order following the morphometric classification approach (Pregitzer et al., 2002). We scanned the first two root orders separately using WinRHIZO (version 12, 1,400 dpi, Regent Instruments Inc., Quebec City, Canada) to obtain total root length (cm) and average diameter (mm). We calculated root branching intensity as the number of first-order roots per length of second-order roots and root branching ratio as the number of first-order roots per number of second-order roots. We dried each group of root orders separately at 65°C until samples reached a stable weight, and we calculated SRL by dividing total root length by root dry weight (cm mg–1). We then shipped the dried root samples to ORNL for P concentration measurements (first- and second-order roots were combined). At ORNL, we ground the samples in 50 ml falcon tubes using a Geno/Grinder 2010 (Spex Sampler Prep, Metuchen, NJ, United States) and measured root P concentration (%) using a Lachat BD40 block digestor for the high temperature digestion and a Lachat QuikChem 8000 series for the flow injection analysis (Hach Company, Loveland CO, United States) following methods described by Cabugao et al. (2021).



Mycorrhizal Colonization and Phosphatase Activity

We cleared, stained and de-stained first- and second-order roots previously preserved in ethanol following Kormanik and Mcgraw (1982) to measure AM fungal colonization. Specifically, we cleared fine roots in potassium hydroxide in a water bath (40°C), stained them with acid fuchsin and de-stained them in glycerol. We then recorded the presence of mycorrhizal structures (100 intersections per sample) disregarding the nature of the structures (e.g., hyphae, arbuscules, coils, vesicles) under a compound microscope (200× magnification) following McGonigle et al. (1990).

We measured root phosphatase activity as the phosphomonoesterase (PME) activity from the first and second-order roots using a modified version of the colorimetric para-nitrophenyl (pNP) phosphate assay (Tabatabai and Bremner, 1969; Cabugao et al., 2017; Png et al., 2017). This assay consists of measuring the activity of PME bound to the root surface in the presence of an organic P substrate (para-nitrophenyl phosphate). We washed the root samples (∼1 g) with milliQ water multiple times, mixed them with 9 ml of 50 mM sodium acetate-acetic acid (for 1 L: 2.88 g sodium acetate; pH = 5.0 using acetic acid) and 1 ml of 50 mM pNP (1.856 g pNP in 100 ml sodium acetate buffer), and incubated in a shaker at 27°C for 1 h. We then took 0.5 ml of this solution, added 4.5 ml of 0.11 M NaOH to terminate the reaction and measured the concentration of the product (para-nitrophenol) by spectrophotometry (405 nm, spectrophotometer 110, Cole Parmer, East Banker Court Vernon Hills, Illinois). Standard curves were made using 0, 100, 200, 400, 1,000 μM of pNP. PME activity is expressed as μmol pNP groot–1 hr–1.



Hurricane Events

Most of the analyses we made in this study focused on fine roots collected 6 months after two consecutive hurricanes passed through Puerto Rico. However, we had also collected roots samples 6 months before the hurricanes Irma on September 6th, 2017 (category 5) and María 2 weeks after, on September 20th 2017 (category 4). Sustained winds reached 250 km hr–1 (among the strongest on record for the island; Lugo, 2020) and precipitation over 500 mm in just 24 h from María (Pasch et al., 2019). The hurricanes had a strong effect on the forest structure, which was still evident when we performed sample collection 6 months following the hurricanes. Tree mortality as a consequence of the disturbance was high (∼15%; Uriarte et al., 2019), and it included two trees we previously measured, which we replaced by a nearby individual of the same species and similar DBH. There was a large reduction in canopy cover (from ∼90 to 30%), and soil available P concentration decreased at EV1 and SB2, while organic P concentration decreased only at SB2 (Table 1).



Data Analysis

We conducted all statistical analyses in R version 3.3.4 (R Core Team, 2019) and considered statistically significant results at P ≤ 0.05. To test for outliers in the data, we used the check_outliers function from the “performance” package in R (Lüdecke et al., 2020), and dropped two datapoints from all the analysis that were statistical outliers and ecologically improbable based on the literature (FRED 3.0; Iversen et al., 2018). To test for changes in root trait expression among species and sites separately we performed ANOVAs followed by post-hoc HSD Tukey’s tests (Chambers et al., 2017). For multiple testing, we corrected P-values with the Bonferroni correction (McDonald, 2014). All mycorrhizal colonization data were transformed to percentages. To normalize the distribution of the mycorrhizal colonization percentage, we used a logit transformation (gtools package, Fox and Weisberg, 2019). To visualize dimensions in root trait variation among species and sites, we used Non-metric Multi-Dimensional Scaling (Kruskal, 1964). To explore bivariate relationships among root traits (for example, the effect of mycorrhizal colonization on root phosphatase activity) we used linear mixed effects models with the lmer function (lme4 package, Bates et al., 2015) considering site, and species within sites as nested random intercepts as two separate models (see Supplementary Table 2), and reported the one with only site in the results. To test for models’ assumptions, we used the check_model function from the “performance” package in R, based on these results we log transformed the data from root phosphatase activity. Confidence intervals for the model parameters were estimated using the confint function (stats package; Ponciano et al., 2009; R Core Team, 2019). To test for differences in root trait expression and soil P concentration before and after the hurricanes we also fitted a linear mixed effect model where tree within species within sites was the nested random intercept. We did not consider mycorrhizal colonization in this last analysis due to sample restrictions before the hurricanes. We used the estimated marginal means using the emmeans function from the emmeans package to compare traits expression before and after the hurricane (Lenth et al., 2020).



RESULTS


Inter- and Intraspecific Root Trait Variation

Most fine-root traits we measured had greater variation among species within sites (interspecific mean variation, CV = 62.4%) than within species among sites (intraspecific mean variation, CV = 40.5%; Supplementary Table 1). However, root phosphatase activity and branching ratio varied in only one species among sites, while root P concentration did not differ among species (Supplementary Table 1). Overall, root trait expression did not vary among sites (Figure 2A), whereas root branching ratio, phosphatase activity and mycorrhizal colonization explained most of the variation (>50%) among species (Figure 2B).
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FIGURE 2. Functional root traits of the first two fine-root orders of five common tree species at the Luquillo Experimental Forest in Puerto Rico. Non-Metric Multi-Dimensional Scaling (NMDS) of the fine-root traits: root branching ratio (RBR), root branching intensity (RBI), specific root length (SRL), root phosphatase activity (phosphomonoesterase; PME), root diameter (RD), root phosphorus concentration (RPP), and arbuscular mycorrhizal colonization (AM col). The NMDS plots are grouped by (A) Sites and (B) Species. Data are shown after the hurricanes that passed over the island in 2017. Due to sampling constraints, root PME activity was not measured for Spathodea campanulata.


Calophyllum displayed the thickest first-order root diameter (0.46 mm) that had the lowest values of SRL (0.79 cm mg–1; Figures 3A,B) while the pioneers Cecropia and Spathodea had the greatest SRL values (10.3 and 10.6 cm mg–1, respectively) and the highest percentage mycorrhizal colonization (70 and 75%, respectively; Figure 3E). In addition, fine roots of Cecropia had the highest phosphatase activity (272.9 μmol pNP groot–1hr–1; Figure 3F), while those of Spathodea had the highest P concentration values (0.1%; Figure 3G), although differences among species for root P concentration were not statistically significant. Lastly, Prestoea built highly branched fine roots (branching ratio of 5.9; Figure 3C) that had the smallest diameter (first-order root measured 0.2 mm), the lowest activity of phosphatase (16.4 μmol pNP groot–1hr–1) and lowest mycorrhizal colonization (12%). Dacryodes had the highest root branching intensity (Figure 3D).
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FIGURE 3. Fine-root trait values for five common trees species at the Luquillo Experimental Forest in Puerto Rico. (A) Root diameter and (B) specific root length (SRL) were measured from 1st root order. (C) Root branching ratio, (D) root branching intensity, (E) arbuscular mycorrhizal (AM) colonization, (F) root phosphatase activity (phosphomonoesterase; PME), and (G) root phosphorus concentration were measured from 1st and 2nd orders combined. Data are shown after the hurricanes that passed over the island in 2017. Due to sampling constraints, root PME activity was not measured for Spathodea campanulata.




Bivariate Relationships Among Fine-Root Traits

Bivariate relationships between fine-root traits were driven by interspecific variations (Supplementary Table 2 and Figure 4). Mycorrhizal colonization covaried with root phosphatase activity such that root phosphatase activity increased linearly by 3.06 μmol pNP groot–1hr–1 for every percent increase in mycorrhizal colonization (p < 0.01; R2m = 0.43; Supplementary Table 2 and Figure 4A). Conversely, root phosphatase activity decreased by 21.2 μmol pNP groot–1hr–1 for every number of first-order root per number of second-order root increase in branching ratio (p = 0.02; R2m = 0.17; Supplementary Table 2 and Figure 4B). Mycorrhizal colonization was also negatively related to root branching ratio, decreasing by 6.5% for every number of first-order root per number of second-order root increase in branching ratio (p = 0.04; R2m = 0.25; Supplementary Table 2 and Figure 4C), and positively related to SRL, increasing by 3.4% for every 1 cm mg–1 increase (p = 0.02; R2m = 0.19; Supplementary Table 2 and Figure 4D). Furthermore, root diameter, SRL, root P concentration, and root branching intensity were not related to root phosphatase activity (Supplementary Figures 2A–D and Supplementary Table 2), nor were root branching intensity and root diameter related to mycorrhizal colonization (Supplementary Figures 2E,F and Supplementary Table 2). Root P concentration was positively related to mycorrhizal colonization (p = 0.05; R2m = 0.14; Supplementary Table 2 and Figure 4E), root branching intensity (p = 0.02; R2m = 0.12; Supplementary Table 2 and Figure 4F), and soil available P (Supplementary Table 2). No other root measurement was related to soil available P (not shown).
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FIGURE 4. Bivariate significant relationships among the seven fine-root traits measured in this study. Linear mixed-effects models were fitted for each root trait combination to account for the hierarchical nature of our dataset (see Supplementary Table 2). We report the marginal R2 of each model which represents the variance explained by the fixed effect. The dotted gray lines represent the confidence interval for a given model parameter. The relationships include root phosphatase activity (phosphomonoesterase; PME) with (A) arbuscular mycorrhizal (AM) colonization and with (B) root branching ratio; AM colonization with (C) root branching ratio and with (D) specific root length (SRL); and root phosphorus concentration with (E) AM colonization and with (F) root branching intensity. Data are shown after the hurricanes that passed over the island in 2017. Due to sampling constraints, root PME activity was not measured for Spathodea campanulata.




Fine-Root Measurement Before vs. After the Hurricanes

After two consecutive hurricanes in September 2017, most of the tree species did not display changes in morphological, architectural, or chemical root trait expression (Figures 5A–D,F). For instance, the estimated marginal mean of SRL was 4.72 cm mg–1 pre-hurricanes and 4.78 cm mg–1 post-hurricanes. We found a strong decrease in the activity of root phosphatase overall (Figure 5E) (when we fitted a model with trees nested within species within sites; Supplementary Table 3). Estimated marginal means for root phosphatase activity were 220.0 μmol pNPgroot–1hr–1 pre-hurricanes and 76.9 μmol pNPgroot–1hr–1 post-hurricanes.
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FIGURE 5. Fine-root trait values for four common trees species at the Luquillo Experimental Forest in Puerto Rico before and after two consecutive hurricanes (boxplots on the left of each panel). We fitted linear mixed-effects models with tree within species within sites as a nested random effect and report the estimated marginal means (EM means; right plot of each panel) and standard error of the means for each root trait. (A) Root diameter and (B) specific root length (SRL) were measured from 1st root order. (C) Root branching ratio, (D) root branching intensity, (E) root phosphatase activity (phosphomonoesterase; PME), and (F) root phosphorus concentration were measured from 1st and 2nd orders combined. Significant differences in (mean) root trait values before and after the hurricanes are marked with a red asterisk. Due to sampling restriction, root phosphatase activity (phosphomonoesterase; PME) was not measured for Spathodea campanulata and root phosphorus concentration was not estimated for Dacryodes excelsa.




DISCUSSION

Tropical forests are highly productive, comprising one fourth of the planet’s terrestrial carbon stored in aboveground vegetation biomass (Bonan, 2008). This high productivity might be modulated by feedbacks between plant functional traits and the P cycle (Quesada et al., 2010; Cernusak et al., 2013). However, the role of belowground plant functional traits in soil P acquisition remains unclear, in part because knowledge on the relationships among fine-root traits and potential trait trade-offs is limited (Freschet et al., 2021). Here, we explored relationships among a suite of fine-root traits related to P acquisition in the P-poor soils of a lowland tropical forest of Puerto Rico. Variations in root trait expression of the five tree species we studied were mainly driven by the large interspecific differences across the three selected sites. Our results contradict our hypotheses of a trade-off in phosphorus acquisition strategies between (H1) fine roots with high phosphatase activity, high SRL, and high root branching, and (H2) fine roots with greater mycorrhizal colonization. In contrast, we reveal a trade-off between highly colonized fine roots with high phosphatase activity and fine roots that have a high degree of branching. Furthermore, the former strategy was adopted by the pioneer trees (Spathodea and Cecropia) whereas the latter was adopted by the non-pioneer trees (mostly Dacryodes and Prestoea). Our results confirmed that both high root branching and high mycorrhizal colonization are two contrasting strategies that covaried with root P concentration (H3). Additionally, we found that none of the root traits except phosphatase activity changed when comparing 6 months before and after the hurricanes. Our study, although encompassing only five tree species, highlights the need to combine measurements of fine-root morphology, architecture, physiology, and mycorrhizal colonization to better define belowground plant P-acquisition strategies in the tropics.


Large Interspecific Fine-Root Trait Variation

Interspecific root trait variation was high among the five tree species selected and for most of the traits. Interspecific fine-root trait variation has been widely explored at the global and biome scales, and some traits are phylogenetically constrained, such as SRL and root diameter (Ryser and Eek, 2000; Kong et al., 2014; Ma et al., 2018; Wang R. et al., 2018; Liu et al., 2019; Valverde-Barrantes et al., 2020). Nonetheless, the expression of other functional traits, such as mycorrhizal colonization and root branching ratio could vary greatly with environmental conditions (Kong et al., 2014; Weemstra et al., 2016). Accordingly, we found that root branching ratio and phosphatase activity varied between sites and within species (Supplementary Table 1), which confirms our previous findings in Cabugao et al. (2017). However, the percent of mycorrhizal colonization was similar within species present in at least two of our three sites (Supplementary Table 1). Similarly, site differences in environmental conditions did not appear to drive variation in AM hyphal length in tropical forests of Costa Rica, Panama, Peru, and Brazil (Powers et al., 2005). In addition, some studies suggest that AM fungi may colonize root cortical tissue independently of soil P availability, due to a lack of efficient plant mechanisms to control mycorrhizal colonization (Johnson, 2010; Valverde-Barrantes et al., 2016).

We found that the pioneers Cecropia and Spathodea had greater mycorrhizal colonization than non-pioneers. This has also been shown in some studies from Brazil where AM colonization decreased as species composition changed during forest succession (Zangaro et al., 2008, 2012). However, other studies from Puerto Rico showed that pioneer plant species were more independent of their fungal mycorrhizal partners than non-pioneers (Myster et al., 2013; Bachelot and Lee, 2018). These apparent contradictions represent a genuine challenge in the rhizosphere ecology. Although broader studies are needed in tropical ecosystems, we can attribute some of the differences between our study and others to the selection of tree species, sample size, and tree age, as most other studies estimated mycorrhizal colonization on seedlings, whereas we sampled mature trees.



No Trade-Off Between Fine-Root Physiology and Mycorrhizal Colonization

We hypothesized that high root phosphatase activity and adjustments in architectural and morphological traits would represent a combined strategy for P acquisition (H1), which would be in contrast with a strategy of high mycorrhizal colonization (H2). In theory, both strategies represent a significant cost to the plants, which can either invest in P-mineralizing enzymes, high length per unit biomass, and high number of first-order roots or in mycorrhizal symbionts (Treseder and Vitousek, 2001; Liu et al., 2015; Nasto et al., 2017, 2019; Cabugao et al., 2021). In addition, root phosphatase activity has been shown to relate positively to SRL at the community level within the LEF (Cabugao et al., 2021), which implies that root phosphatase activity would be part of the “do-it-yourself” end of the collaboration gradient, opposite from mycorrhizal colonization (Bergmann et al., 2020). However, we partially rejected both hypotheses as no relationships were detected between root phosphatase activity and branching intensity or SRL (Supplementary Figure 2) except for the negative relationship between phosphatase activity and branching ratio, and as mycorrhizal colonization and root phosphatase activity were positively related (when considering site variation only). This suggests that enzyme exudation and mycorrhizal colonization are not contrasting strategies for the five species considered at the LEF. This could partly be attributed to the large interspecific variations in root trait expression because the relationship between mycorrhizal colonization and phosphatase activity was not statistically significant when considering species within sites as a random effect in the models (Supplementary Table 2). In addition, our results suggest that in our five tree species, both fine roots and AM fungi may have contributed to phosphatase activity given that 43% of the root phosphatase activity variation was explained by the mycorrhizal colonization in our model (Figure 4A). Mycorrhizal fungi, such as AM fungi are capable of exuding phosphatase, yet their ability to hydrolyze organic P is still controversial (Koide and Kabir, 2000; Smith and Read, 2008). This points out the additional work needed to understand the contribution of AM fungi to root phosphatase activity.

The percent of root colonization by AM fungi was weakly positively related to SRL of first-order roots (19% of variation explained; Figure 4D), contradicting the root economic space framework in which mycorrhizal colonization is expected to co-vary positively with root diameter and thus, negatively with SRL (Brundrett, 2002; Kong et al., 2014; Bergmann et al., 2020). However, another study in a tropical forest of Brazil found a positive relationship between mycorrhizal colonization and SRL (Zangaro et al., 2008). Furthermore, SRL observations across a world-wide range of species have also shown that plants can construct roots with many combinations of morphological traits (Kramer-Walter et al., 2016; Weemstra et al., 2016; Bergmann et al., 2020) and that mycorrhizal colonization is highly dependent on tree developmental stage and the anatomy of the fine root (i.e., cortex cell properties; Brundrett, 2002; Bachelot et al., 2017). Thus, the relationship among these traits is complex and depends on different species-specific factors. When fitting models with species within sites as a random effect, SRL and mycorrhizal colonization were no longer positively correlated; in contrast mycorrhizal colonization appeared to be positively related to root diameter, as predicted by the root economic space framework (Supplementary Table 2). This highlights that root trait trade-offs at the species level inform species-specific resource acquisition strategies that may differ from patterns at the global scale (Freschet et al., 2021).



Trade-Offs Between Mycorrhizae, Root Branching, and Phosphatase Activity

Fine-root branching ratio and colonization by AM fungi were negatively related, such that species exhibiting high levels of colonization had a lower number of first-order roots per number of second-order roots (less branching). This partially supports our hypotheses (H1 and H2) as root branching and mycorrhizal colonization represent different strategies for soil P acquisition. Both AM fungi and root branching greatly contribute to soil P foraging (Treseder, 2013; Liu et al., 2018; Wang Y. et al., 2018), yet plants must balance their investment in these P strategies due to their significant costs (Eissenstat et al., 2015). Moreover, as hypothesized (H3), both traits representing contrasting strategies were weakly positively related to root P concentration, which is a good indicator of plant P status (and this correlation holds even when including site and species within sites as random effects in the models). Although we have no direct measure of P acquisition (e.g., instantaneous P uptake rate by roots or annual whole-plant P increment), root P concentration potentially reflects P acquisition due to its strong correlation to both leaf P concentration (Holdaway et al., 2011) and soil inorganic and total P (Holdaway et al., 2011; Schreeg et al., 2014; Freschet et al., 2021; Supplementary Figure 1A) which we also found in this study (Supplementary Figure 1B). Finally root branching was weakly negatively related to phosphatase activity (17% of variation explained; Figure 4B), probably due to the possible combined phosphatase activity from roots and their fungal partners.



P-Acquisition Strategies Vary Across Species

We considered two pioneer species Spathodea campanulata and Cecropia schreberiana that generally display acquisitive leaf traits (e.g., high leaf nitrogen concentration; Lugo and Abelleira Martínez, 2018), and three non-pioneer species Calophyllum calaba, Dacryodes excelsa, and Prestoea montana that display conservative leaf traits (e.g., high specific leaf area; Harris and Medina, 2013; Figure 6). These differences in plant leaf traits for resource acquisition and resource conservation typically divide fast-growing pioneer species from slow-growing non-pioneer species (Grime, 1977; Wright et al., 2004; Weemstra et al., 2016). Similarly, some studies also found important root trait differences across different plant successional status (Coll et al., 2008; Zangaro et al., 2012; Xiang et al., 2013; Caplan et al., 2019). Accordingly, we found that fine-root architectural traits, phosphatase activity, and mycorrhizal colonization are all important in separating pioneers from non-pioneer tree species, but there was no equivalent pattern for morphological traits (Figure 6).


[image: image]

FIGURE 6. Conceptual diagram of belowground phosphorus-acquisition strategies of five tropical tree species from Puerto Rico. Our results highlight a trade-off between highly colonized fine roots with high phosphatase activity and fine roots that have a high degree of branching. Furthermore, the former strategy is adopted by pioneer species (Spathodea campanulata and Cecropia schreberiana), whereas the latter is adopted by non-pioneer species (mostly Dacryodes excelsa and Prestoea montana). Root phosphorus concentration was not included here because no clear pattern was found across species.


Both fast-growing pioneers, Spathodea and Cecropia, had greater mycorrhizal colonization, and Cecropia had the highest phosphatase activity compared to the other species studied. Investing carbon in fungal partners to outsource nutrient acquisition could benefit plants with higher P nutrient demand, and therefore enable faster growth (Wright et al., 2004; Freschet et al., 2021), which appears to support both the collaboration and the conservation gradient framework (Bergmann et al., 2020). The combined above- and belowground P-acquisition strategies from these pioneer species might partially explain their large dominant presence in Puerto Rico (Brandeis et al., 2003), and may help them thrive in gaps formed from natural and anthropogenic disturbances (i.e., hurricanes; for Cecropia) and in degraded soils (for Spathodea; Aide et al., 2000; Francis, 2000; Lugo et al., 2011). In contrast, the slow-growing non-pioneers, Dacryodes and Prestoea, showed greater root branching ratio and intensity compared to the other species, which represents a greater carbon investment in root construction for nutrient exploration (Hodge, 2004; Liese et al., 2017; Figure 6). Because root branching is considered a leading root trait due to its plasticity and relationship with mycorrhizal association type and resource exploitation (Kong et al., 2014; Liese et al., 2017; Freschet et al., 2021), the high values of branching ratio and intensity might play an important role in the large dominant presence of Dacryodes and Prestoea in the mature wet forests of the LEF (Aide et al., 2000; Francis, 2000). Further, although Calophyllum is a non-pioneer species, it had low values of root branching, compared to the other non-pioneer species, and low values of phosphatase activity, and mycorrhizal colonization compared to the pioneer species (Figure 6). This species’ distribution is mostly attributed to its use for reforestation on degraded soils (Francis, 2000), and its soil P-acquisition strategy might be related to other root trait syndromes that we have not considered in this study.



Stability of Root Trait Expression Before vs. After the Hurricanes

We showed no apparent changes in most root trait expression 6 months after hurricanes Irma and María impacted the forest compared to their pre-hurricane values. Root phosphatase activity, however, was significantly different after the hurricanes. This difference may have reflected normal seasonal environmental changes (Sardans et al., 2007), but it is likely that there also were effects of the numerous changes in forest structure, soil biogeochemistry, and environmental conditions created by the hurricanes. These influences could have included changes in soil available P (Dakora and Phillips, 2002; Burns et al., 2013; Dalling et al., 2016; Margalef et al., 2017). However, although we expected that the decrease in root phosphatase activity could have been triggered by an increase in soil available P, we in fact measured a decrease in soil available P in our sites (Table 1). Reed et al. (2020) also reported an initial decrease in soil available P (first 3 months after Hurricane María), but soon after, they measured a sharp increase. Differences in methods assessing soil available P can account for important differences in P-values (Neyroud and Lischer, 2003), which represents a challenge and limitation in tropical forest ecology. Nevertheless, other potential factors influencing changes in root phosphatase activity could have been related to changes in soil moisture (SB2 was flooded for several months), a decrease of plant demand for P because of extensive defoliation, or changes in competition from understory vegetation abundance (Kennard et al., 2020; Reed et al., 2020). We cannot separate these different possible influences but note that the responsiveness of root phosphatase to environmental change may be an important consideration in evaluating phosphorus nutrition of tropical forests.



CONCLUSION

To overcome soil P limitation in lowland tropical forests, plants employ multiple strategies belowground, such as increasing SRL, root branching, root phosphatase activity and their reliance on AM fungi. However, relationships and potential trade-offs among these strategies are poorly understood. This limits our ability to predict potential feedbacks between plant traits and the P cycle in these ecosystems. Here, we reveal a trade-off between highly colonized fine roots with high root phosphatase activity and fine roots that have a high degree of branching, using five tree species growing in Puerto Rico. Tree successional status was a good predictor of belowground P-acquisition strategies as pioneers invested resources in mycorrhizal fungi and root phosphatase activity, whereas non-pioneers increased fine-root branching. In addition, most root traits before and after two consecutive hurricanes did not show significant changes in the species we studied. Root phosphatase activity, however, did vary when comparing pre- and post-hurricanes, and the causation of this variation might be relevant to future studies. Finally, expanding studies on belowground traits in the tropics to include “hard” functional traits, such as phosphatase activity should help to predict plant responses to natural disturbances and aid in the simulation of trait diversity and coexistence under resource limitation in tropical forests.
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Region Site Latitude Elevation MAT MAP Forest age Soils Soil available P Soil organic P

name Longitude (ma.s.l) °C) (mmyr—) (years) order mgg™") (mgg™)
2017 2018 2017 2018
El Verde EVS 18.321, —65.818 200-600 24 3500 >100 Oxisol NA 0.:25 NA 0.19
El Verde EV1 18.311, —65.826 200-600 24 3500 62-76 Oxisol 0.14 0.09 0.12 0.12
Sabana SB2 18.322, —65.732 150 24 3500 35-62 Ultisol 0.87 0.36 0.19 0.14

Soil available P and organic P are from before the hurricanes (February, 2017), and after the hurricanes (February, 2018). MAT, mean annual temperature; MAP, mean

annual precipitation; NA, not available.
NB: Methods for soil measurements are available in Supplementary Methods and soil orders were determined according to Brown et al. (1983), Scatena (1989),

and Stone et al. (2014).
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