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ABSTRACT
Belowground resources are key determinants of seedling growth and survival in tropical forests. Nutrients and light may limit 
plant growth the most in tropical wet forests, whereas water may limit plant growth more in tropical dry forests. Nitrogen (N)-
fixing species play an important role in the nitrogen and carbon cycles across tropical dry forests. However, studies investigating 
the joint effects of water and nutrients on the physiology and performance of N-fixing species are scarce. We implemented a 
full factorial shade house experiment that manipulated water and nutrients (NPK 20:20:20 and complete micronutrients) using 
eight tree species representing N-fixing and non-fixing tree species in the tropical dry forest of Costa Rica to determine: (1) How 
plant responses to water and nutrient availability vary between N-fixing and non-fixing tree species?; and (2) How nutrient and/
or water availability influences seedling water- and nutrient-use traits? We found that growth and physiological responses to 
water and nutrient addition depended directly on the capacity of species to fix atmospheric N2. N-fixing species responded more 
strongly to nutrient addition, accumulating 67% more total biomass on average (approximately double that of non-fixing taxa) and 
increasing average height growth rate by 41%. N-fixing species accumulated more biomass without compromising water-use effi-
ciency, taking full advantage of the increased nutrient availability. Interestingly, results from our experiment show that increased 
water availability rarely influenced tropical dry forest seedling performance, whereas nutrient availability had a strong effect on 
biomass and growth. Overall, our results highlight the ability of N-fixing seedlings to take advantage of local soil resource heter-
ogeneity, which may help to explain the dominance of N-fixing trees in tropical dry forests.

1   |   Introduction

Plants require multiple belowground resources, includ-
ing water and a variety of nutrients, to grow (Wright  2019). 

Differences in how plants acquire these resources and how 
they respond to variation in their availability contribute to 
niche differentiation and the maintenance of diversity (Holste 
et al. 2011; Levine and HilleRis Lambers 2009). Research has 
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focused on the seedling stage, as it is a vulnerable ontogenetic 
phase during which tree populations suffer elevated mortality, 
acting as a bottleneck for future plant community composition 
(Ribbens et al. 1994; Uriarte et al. 2018). Studies have gener-
ally shown that responses to the availability of belowground 
resources are often species-specific and may differ between 
above- and below-ground organs (Freschet et al. 2013). Thus, 
we still lack a general framework for understanding the joint 
effects of belowground resources (i.e., water and nutrients) on 
seedling performance, particularly in environments with high 
seasonal or temporal variability in soil moisture and nutrient 
availability, such as tropical dry forests (Waring et al. 2019). 
Understanding the effects of water and nutrient availability 
on tropical dry forest species is particularly important be-
cause these forests are expected to experience more intense 
and unpredictable climatic events, such as droughts (Allen 
et al. 2017), which may alter belowground resource availabil-
ity and influence plant performance and function in tropical 
dry forests in the near future (Waring et al. 2019).

Seedling growth is thought to be strongly constrained by water 
availability and restricted to the wet season mostly in dry 
tropical forests (Gerhardt  1993; Maza-Villalobos et  al.  2013). 
Indeed, experiments using tropical wet and dry forest seed-
lings have shown that water additions can increase growth and 
survival of tropical tree species (Marod et  al.  2004; McLaren 
and McDonald  2003; Paine et  al.  2009; Thaxton et  al.  2012). 
However, several studies have shown that nutrient availability 
may also play an important role alongside water in determining 
seedling establishment and performance at early ontogenetic 
stages in tropical dry forest, as shown by Ceccon et al.  (2004) 
and Chaturvedi et al. (2013), challenging the idea that tropical 
dry forests are only limited by water availability (Li et al. 2024; 
Medvigy et al. 2019).

At the plant level, high nutrient availability can increase leaf ni-
trogen (N) and phosphorus (P) concentrations (Santiago 2015), 
which generally leads to responses in water- and nutrient-use 
traits such as higher maximum CO2 assimilation rates (Amax; 
Thompson et  al.  1992), higher photosynthetic nitrogen use 
efficiency (PNUE; Hidaka and Kitayama  2009) and higher 
water-use efficiency (WUE; Raven et  al.  2004; Smith-Martin 
et  al.  2017), promoting the effective use of belowground re-
sources and enhancing seedling carbon accumulation (Pasquini 
and Santiago  2012). These adjustments in carbon acquisition 
traits coupled with the efficient use of belowground resources 
following nutrient addition may explain higher growth and 
survival rates observed in nutrient addition experiments in a 
Mexican tropical dry forest (Huante et  al.  1995; Salinas-Peba 
et al. 2014). Yet, nutrient availability is heavily influenced by or-
ganic matter turnover (Kreuzwieser and Gessler 2010). At the 
start of the wet season in tropical dry forests, there is a pulse 
of nutrient availability as increased water availability stimulates 
microbial activity, and with this, the decomposition of leaf litter 
(Murphy and Lugo 1986). Indeed, it has been shown that soluble 
N and P compounds peak at the end of the dry season, which 
become available to plants and microorganisms with the first 
rains (Anaya et al. 2007; Campo et al. 1998).

Across the Neotropics, legume tree species (Leguminosae) are 
one of the most dominant taxonomic groups (Gei et  al.  2018). 

A possible explanation for the dominance of N-fixing species 
in these regions could be related to the capacity of legume 
species to form a symbiotic association with rhizobia, a group 
of bacteria that has the ability to fix atmospheric nitrogen (N-
fixing) (Gei et  al.  2018). Nitrogen fixation enhances the WUE 
of N-fixing species by increasing leaf N concentrations (Powers 
and Tiffin 2010), leading to high CO2 assimilation rates and low 
water losses due to reduced stomatal conductance (gs). This in-
creased WUE has been hypothesized to confer N-fixing species 
a competitive advantage over non-fixing species in environ-
ments where water is a limiting factor (Adams et al. 2016). Yet, 
N fixation is an energetically costly process (Gutschick  1981) 
which may be sensitive to nutrient and water availability. In fact, 
N-fixing species from the tropical dry forest can display a facul-
tative strategy (Sheffer et al. 2015), downregulating N fixation 
when soil N concentration is high, and upregulating fixation 
when soil P concentrations increase (Waring et al. 2019), spur-
ring faster growth rates in N-fixing species (Toro et al. 2023). In 
contrast, the role of water in determining N fixation rates is still 
not well understood (Dovrat and Sheffer 2019). While N-fixing 
species are important components in wet environments such 
as the tropical rainforest (Taylor et al. 2019), the abundance of 
N-fixing species peaks in water-limited environments such as 
tropical dry forests (Steidinger et  al.  2019) indicating that N 
fixation might be highly sensitive to soil moisture conditions 
(Pellegrini et al. 2016; Valliyodan et al. 2016; Wurzburger and 
Ford Miniat 2014).

During the seasonal transition between the dry to wet season 
in tropical dry forest, seedlings are exposed to high nutrient 
input from the microbial activity that decomposes leaf litter, as 
well as high levels of water availability for a few weeks (Campo 
et al. 1998; Singh et al. 1989), yet few studies have directly in-
vestigated how increased availability of nutrients and water can 
affect the performance and physiological traits of tropical dry 
forest tree seedlings (Santiago  2015). How these belowground 
resources individually and interactively affect tropical dry forest 
seedling performance across a broad range of functional types, 
including N-fixing and non-fixing species, is not well resolved. 
To address this, we examined how water and nutrient addition 
affected (1) seedling growth and biomass allocation, and (2) 
seedling ecophysiological traits of eight tropical dry forest tree 
species in north-west Costa Rica. We used three N-fixing le-
gume species and five non-fixing species that encompass a wide 
range of trait variation for this region in a shade house experi-
ment to answer the following questions: (Q1) How do responses 
to water and nutrient availability vary between N-fixing and 
non-fixing tree species? (Q2) How does increased nutrient and/
or water availability influence seedling water- and nutrient-use 
traits and the capacity for N fixation?

Based on previous studies in this region (Smith-Martin 
et al. 2017; Toro et al. 2023), we expected that N-fixing legumes 
would take advantage of the increased resource availability by 
modulating their functional characteristics toward more acquis-
itive (i.e., higher leaf N concentrations and maximum photo-
synthetic rates) and efficient trait values (i.e., lower gs, higher 
PNUE, and WUE). These dynamics might lead these species to 
have higher performance (i.e., growth and biomass accumula-
tion) in comparison with non-fixing species (Adams et al. 2016; 
Gei et al. 2018; Pineda-García et al. 2015; Steidinger et al. 2019), 
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potentially helping to explain the dominance of N-fixing le-
gumes across tropical dry forests.

2   |   Methods

2.1   |   Study Site and Species Selection

Our experiment took place between June–November 2015, in 
a shade house at Estación Experimental Forestal Horizontes, 
Área de Conservación Guanacaste, Costa Rica (10°420 46″ N, 
85°350 44″). Rainfall is highly seasonal at this site, with a 
5–6 month dry season. Mean annual precipitation at nearby 
Sector Santa Rosa is 1729 mm, and mean annual temperature is 
25°C (Becknell and Powers 2014), with Horizontes likely having 
slightly lower rainfall than Santa Rosa (Werden et al. 2020). Our 
study occurred during one of the driest years on record (Cooley 
et al. 2019); wet season rainfall was less than ~50% of average 
due to a very strong El Niño Southern Oscillation (ENSO) event 
in 2015 (Powers et  al.  2020), thus ambient rainfall conditions 
during the experiment represent a strong drought.

We selected eight tree species from five different families that are 
locally abundant for the shade house experiment. The Fabaceae 
included Enterolobium cyclocarpum, Gliricidia sepium, and 
Dalbergia retusa, all of which fix nitrogen (N-fixing), as well as 
the non-nitrogen fixer Hymenea courbaril. The other non-fixing 
families and species we studied included Meliaceae: Swietenia 
macrophylla, Simaroubaceae: Simarouba glauca, Bignoniaceae: 
Tabebuia ochraceae, and Bombacaceae: Pachira quinata. 
Collectively, these species represent the full range of functional 
trait variation that defines tropical dry forest plant functional 
types in ecosystem simulation models built for the region (Xu 
et  al.  2016), including N-fixing and non-fixing legume species, 
and evergreen and deciduous leaf phenology (Table 1).

2.2   |   Seed Germination and Growing Conditions

Seeds were collected from trees growing in and around Estacion 
Estación Experimental Forestal Horizontes. All seeds were 
sown directly into pots (10 cm × 10 cm × 20 cm) containing a 2 kg 

homogenized mixture of two parts locally collected soil and 
one part sand and placed in a shade house covered with shade 
cloth that allowed ~50% of sunlight and permitted precipita-
tion to pass through. Soil was collected from a nearby naturally 
regenerating forest patch of approximately 30 years old with a 
land-use history of primarily cattle grazing since deforestation 
typical of the broader region. Average total soil P concentrations 
for samples collected ~300 m from where we collected soil for 
this experiment were ~458 mg/kg, suggesting that the soils we 
used were intermediate in P concentrations when compared 
globally (Yang et  al.  2013). To improve germination rates, we 
applied two different treatments to the seeds: E. cyclocarpum 
seeds were subject to water baths alternating from boiling to 
cold water for 30 s to break the seed coat. All other species were 
soaked in water overnight before being sown. Seeds were sown 
directly into pots in early June 2015. Following germination and 
establishment, pots were thinned to one seedling per pot. All 
plants were watered to soil capacity when needed during this 
period. After ~8 weeks, watering and/or fertilizer treatments 
began and continued for 12 weeks more prior to harvest.

2.3   |   Watering and Fertilization Treatments

At 8 weeks, seedlings were randomly assigned to one of four 
treatments (128 seedlings in total): control (no additions), nu-
trient addition (plus nutrients), water addition (plus water), and 
water and nutrient addition (plus water + nutrients). With these 
treatments, we tried to simulate the environmental conditions 
found during the early seasonal transition between the dry and 
wet season in tropical dry forest (Anaya et  al.  2007; Campo 
et al. 1998) with the aim of quantifying seedling biomass and 
physiological responses to an increased availability in water and 
nutrients (and their interaction).

Water additions consisted of adding 500 mL to each pot every 
2 weeks, which aimed to represent a 30% increase over the 
mean rainfall of August, September, and October in Costa Rica. 
Our goals were not to distinguish between the effects of differ-
ent nutrient elements; rather, we aimed to boost the fertility of 
the soil overall. Thus, in the nutrient addition treatment, we 
applied a commercial fertilizer (NPK 20:20:20 and complete 

TABLE 1    |    Tropical dry forest species used in the water and nutrient addition experiment, grouped by capacity to fix nitrogen leaf habit and the 
total number of plants measured.

Genus species Family Leaf habit Leaf type Nitrogen fixer
Number of plants 

measured

Dalbergia retusa Fabaceae Deciduous Compound Yes 14

Gliricidia sepium Fabaceae Deciduous Compound Yes 13

Enterolobium cyclocarpum Fabaceae Deciduous Compound Yes 15

Hymenea courbaril Fabaceae Semi-deciduous Compound No 16

Pachira quinata Malvaceae Deciduous Compound No 15

Simarouba glauca Simaroubaceae Evergreen Compound No 15

Tabebuia ochraceae Bignoniaceae Deciduous Compound No 14

Swietenia macrophylla Meliaceae Deciduous Compound No 15
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micronutrients) to each pot at a rate equivalent to 150 kg N, P, 
and K ha−1 year.−1, but prorated over the duration of the experi-
ment (~3 months). This nutrient addition rate matches the rates 
applied by Waring et  al.  (2019) in a stand-level experiment in 
the same region. A total of 0.0375 g of fertilizer was dissolved 
in 20 mL of water and added to the potted soil surface every 
2 weeks with a syringe. The water and nutrient addition treat-
ment was a combination of the nutrient or water addition treat-
ments above; our control seedlings received no water or nutrient 
additions. Soil moisture (SM150 Soil Moisture Sensor; Delta-T 
Devices Ltd., Cambridge, England) was measured in all pots 
(0–5 cm soil depth) immediately prior to watering treatments 
and ~1 day after watering; these measurements were repeated 
over six equally spaced time periods (every 2 weeks) during the 
experiment. This allowed us to quantify the magnitude of the 
watering effect on soil moisture and determine whether ele-
vated soil moisture in the watered pots persisted beyond 2 weeks 
(Figure S1).

2.4   |   Functional Trait Measurements

Due to a small amount of seedling mortality not related to the 
treatments applied, we measured traits on a total of 117 seed-
lings out of 128 originally planted (Table 1). We measured six 
physiological traits related to carbon and nutrient acquisition 
and resource-use efficiency for each seedling. Prior to harvest-
ing the plants, we measured maximum photosynthetic capac-
ity at 1200 PAR (Amax; μmol m−2 s−1) and stomatal conductance 
(gs; mol m−2 s−1) with a LCi portable photosynthesis system 
(ADC Bioscientific Ltd. Hoddesdon, UK). After measuring gas 
exchange, one leaf per plant was scanned to obtain its area, 
then dried at ~60°C for 48 h to later obtain the specific leaf area 
(SLA; cm2g−1). This same leaf was ground to a fine powder and 
wrapped in tin capsules to quantify leaf N concentration (N-
area; g/m2) on a PDZ Europa ANCA-GSL elemental analyzer 
(Stable Isotope Facility at the University of California, Davis). 
Finally, we calculated photosynthetic nitrogen use efficiency 
(PNUE; μmol mol−1 s−1) as Amax divided by N-area (dos Santos 
et al. 2006; Hidaka and Kitayama 2009) and intrinsic water-use 
efficiency (iWUE; μmol CO2 mmol H2O−1) as Amax divided by 
leaf transpiration rate.

2.5   |   Plant Performance: Biomass and Growth

Every 2 weeks, we measured the height (cm) of each seedling 
to calculate relative height growth (RGRh; log(cm) days−1). We 
calculated RGRh as follows:

where Hi is initial plant height, Hf is the final plant height, and 
t1 and t2 are the dates when the experiment started and finished, 
respectively. After taking gas exchange measurements, we har-
vested each seedling to determine its above- and belowground 
biomass. First, we separated plants into leaves and stems, then 
the roots were carefully separated and washed. For the N-fixing 
species (E. cyclocarpum, G. sepium, and D. retusa) all nodules 
were counted, and a random sample between 3 and 18 nodules 
was taken from each plant depending on nodule availability. 

Roots, stems, leaves, and the nodule samples were dried at 
~60°C for 72 h until they reached a constant mass; then their 
biomass (g) was quantified. Nodule samples were weighed on 
a precision balance at the University of Minnesota to estimate 
nodule dry mass. From this, we calculated the root to shoot ratio 
for each seedling and estimated the total nodule mass per plant 
by multiplying the total number of nodules found on the roots of 
each plant by the average nodule dry weight. Also, nodule mass 
fraction was calculated as the total nodule mass divided by the 
total plants' dry weight (Smith-Martin et al. 2017).

2.6   |   Statistical Analyses

To determine how plant responses to water and nutrients varied be-
tween N-fixing and non-fixing species (Q1), we built linear mixed 
models using the nlme R package with a Gaussian error distribu-
tion (Pinheiro et al. 2021), with treatment (no addition, plus water, 
plus nutrients, or plus water + nutrients), tree species N-fixing sta-
tus (N-fixing vs. non-fixing), and their interaction as fixed effects. 
We constructed three separate models as specified below using the 
following plant performance variables as responses: total seedling 
biomass, RGRh, and root to shoot ratio:

We used N-fixing status as a fixed effect in our analyses as we 
hypothesized that N-fixing and non-fixing species would re-
spond differently to treatments (Adams et al. 2016; Pineda-García 
et  al.  2015; Smith-Martin et  al.  2017). We used initial seedling 
height as a covariate to control for height differences between 
plants at the beginning of the experiment, and we included species 
(N = 8) as a random effect to account for species-level variation.

To investigate how water and/or nutrient addition influenced 
functional trait values and the relationships with N-fixing sta-
tus as a functional group (Q2), we first performed a principal 
components analysis to understand how traits were coordi-
nated within N-fixing and non-fixing species. We scaled and 
centered each trait for each individual seedling (N-area, SLA, 
Amax, iWUE, gs, and PNUE) and extracted the main principal 
component axes that explained most of the variation. Then, we 
used the same mixed modeling approach used in Equation (1), 
but instead using N-area, SLA, and Amax (as metrics of resource 
acquisition), iWUE, gs, and PNUE (as integrated metrics of plant 
resource use efficiency) as response variables. This allowed us 
to detect any differences in these traits between treatments after 
we imposed the watering and fertilization treatments within the 
context of developmental changes over a short growing season 
(~3 months). To determine the effects of water and/or nutrient 
addition on N-fixing capacity (using the number of nodules, the 
total nodule mass per plant, and nodule mass fraction as prox-
ies). Given that five out of eight species in our experiment do not 
fix nitrogen (Table 1), we first fitted zero-inflated models with 
a negative binomial distribution to address the possible influ-
ence of the zero values on our models; however, these models 
performed worse in terms of their AIC when compared to the 
models with a Gaussian distribution. Therefore, we decided to 
use a subset of the data that included only the N-fixing species 
and built our models using a Gaussian error distribution. For 

RGRh = log
(
Hf

)
− log

(
Hi

)
∕ t2−t1

(1)
Plant performance ∼ Treatment×N− fixing status

+ Initial seedling height+(1| species)

 17447429, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/btp.70075 by E

T
H

 Z
ürich, W

iley O
nline L

ibrary on [08/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 11

these models, we used nodule count, the estimated total nodule 
mass, and the nodule mass fraction as response variables and 
treatment and initial height as fixed effects. Species (E. cyclocar-
pum, D. retusa, and G. sepium) was included as a random effect, 
ensuring the estimation of the variance of the random effects 
terms was nonzero (Gomes 2022).

To address non-normality and the presence of outliers, we log 
transformed the response variables PNUE, iWUE, N-area, nod-
ule mass fraction, and number of nodules. To detect significant 
model terms and to account for the unbalanced number of seed-
lings within treatments, we performed likelihood ratio F-tests 
on type-III ANOVAs for all models. We used Tukey's HSD post 
hoc tests to detect differences between groups (emmeans pack-
age; Lenth 2022). All analyses were performed using R version 
4.2 (R Core Team 2022).

3   |   Results

3.1   |   (Q1) How Do Plant Responses to Water 
and Nutrients Availability Vary Between N-Fixing 
and Non-Fixing Tree Species?

Soil moisture data showed that soil moisture rarely differed 
between treatment groups before starting the experiment 
(Figure S1A). After experimental irrigation, our watering treat-
ment increased soil water availability by ~15% on average com-
pared to unwatered treatments (no additions and plus nutrients 
treatments; Figure  S1B) even though we aimed to increase it 
by 30%.

The effects of treatments on total plant biomass, RGRh, and root 
to shoot ratio depended on N-fixing status (Table 2). Overall, N-
fixing species accumulated more biomass with the addition of nu-
trients than with the addition of water (Figure 1A). Total biomass 

for N-fixing species increased by 68% in both nutrient addition 
treatments when compared to the no additions treatment (no ad-
ditions vs. plus nutrients: t = −6.38, p < 0.001; no additions vs. plus 
water + nutrients: t = −6.67, p < 0.001), while the watering treat-
ment increased total N-fixer biomass only by 32% (no additions 
vs. plus water: t = −3.17, p = 0.04). Growth rates of N-fixing species 
followed a similar pattern when nutrients were added (Figure 1B). 
The RGRh of N-fixing species increased by 41% on average in 
both nutrient addition treatments (no additions vs. plus nutri-
ents: t = −4.89, p < 0.001; no additions vs. plus water + nutrients: 
t = −5.13, p < 0.001). The nutrient addition treatment shifted bio-
mass toward roots as the root to shoot ratio of N-fixing species in-
creased by 40% compared to the no additions treatment (t = −3.41, 
p = 0.02; Figure 1C), but root to shoot ratios did not differ between 
the other treatments and the no additions treatment (p > 0.05).

On the other hand, non-fixing species only responded when 
nutrients were added, gaining biomass in these cases, but their 
responses were lower on average compared to N-fixing species 
(Figure 1A). Total biomass for non-fixing species increased by 
33% in the nutrient addition treatment (no additions vs. plus 
nutrients: t = −3.09, p < 0.05) and 39% in the water and nutrient 
treatment (no additions vs. plus water: t = −3.78, p < 0.01), while 
the plus water treatment did not have a significant effect. Also, 
the RGR and the root to shoot ratio were not influenced by any 
of the treatments for non-fixing species (p > 0.05; Figure 1B,C).

3.2   |   (Q2) How Does Increased Nutrient 
and/or Water Availability Influence Seedling 
Water- and Nutrient-Use Traits and the Capacity 
for N Fixation?

The first three principal component axes explained 89% of the 
variability in the trait data. The first principal component axis 
(PC1) accounted for 43% of total variation and showed strong 

TABLE 2    |    F-ratios from mixed models for each of the response variables listed, with fixed effects for group (N-fixer or non-fixer status) and 
treatment (no additions, plus nutrients, plus water, and plus water + nutrients), and a species-level random effect.

Response variable Treatment Group Treatment × Group R2
c

R2
m

Total biomass 5.76** 1.42ns 4.90** 0.80 0.49

RGRh 4.81** 3.91ns 3.23* 0.90 0.52

log(Root to shoot ratio) 0.70ns 0.03ns 4.50** 0.86 0.04

log(iWUE) 26.88*** 4.09ns 4.67** 0.72 0.56

log(PNUE) 3.62* 0.52ns 1.79ns 0.49 0.20

log(N-area) 7.37*** 15.96** 2.38ns 0.87 0.58

SLA 0.25ns 0.43ns 1.80ns 0.58 0.17

gs 18.66*** 6.40* 1.70ns 0.47 0.39

Amax 0.26ns 7.97** 7.38*** 0.94 0.50

Nodule mass fraction 0.85ns — — 0.78 0.09

Total nodule mass 4.62** — — 0.41 0.14

Nodule count 11.33*** — — 0.95 0.05

Note: R2
c
 and R2

m
 represent the conditional and marginal R squared for each model, respectively. Significance: nsp > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
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6 of 11 Biotropica, 2025

loadings on Amax, N-area, and reflects the capacity of species to 
gain carbon (Figure  3). The second principal component axis 
(PC2) accounted for 24% of total variation, having PNUE and 
N-area as the strongest loadings (Figure S2B). Finally, the third 
principal component axis (PC3) accounted for 22% and showed 
strong loadings on gs and SLA (Figure S2B).

Of the six traits measured, only iWUE and Amax responded to the 
treatments, and the magnitude and direction of these responses 
depended on N-fixing status (Table 2). N-fixing species increased 
Amax by 16% in the plus water treatment (no additions vs. plus 
water: t = −3.46, p = 0.0175) while their iWUE did not change in 
any of the treatments applied (Figure  2). For non-fixer species, 
we found that water addition decreased iWUE by approximately 
50% (no additions vs. plus water: t = 6.21, p < 0.0001; no additions 
vs. plus water + nutrients, t = 6.84, p < 0.0001) while Amax did not 
change significantly between any treatments (Figure 2).

We also found significant treatment effects on stomatal conduc-
tance (gs), leaf N concentration per unit of area (N-area), and 

photosynthetic N use efficiency (PNUE) regardless of species' 
N-fixing status (Figure 3). When water was added, gs increased 
in all individuals between 58% (no additions vs. plus water + nu-
trients: t = −4.40, p = 0.0002) and 69% on average (no additions 
vs. plus water: t = −5.19, p < 0.0001). While nutrient addition 
decreased the PNUE by 18% (no additions vs. plus nutrients: 
t = 2.82, p = 0.03) and increased N-area by 17% (no additions vs. 
plus nutrients: t = −3.28, p = 0.008), SLA did not change across 
the treatments. Lastly, we found that N-fixing species had dou-
ble the leaf N concentrations (non-fixing/N-fixing: t = −3.86, 
p = 0.008) and double the iWUE (non-fixing/N-fixing: t = −3.98, 
p = 0.0073) compared to non-fixing species regardless of the 
treatment applied.

Resource addition also affected N-fixation potential, as indexed 
by total plant nodule mass and nodule counts (Table 2). Nodule 
mass increased by 65% on average when nutrients were added 
(no additions vs. plus nutrients: t = −2.73, p = 0.044; no addi-
tions vs. plus water + nutrients: t = −3.05, p = 0.02). Additionally, 
nodule counts increased by 20% when water and nutrients were 

FIGURE 1    |    Boxplots showing the lower quartile, median and the upper quartile for (A) total biomass, (B) relative growth rate, and (C) root to 
shoot ratio of non-fixing and N-fixing species grown in treatment combinations of no additions (yellow), plus nutrients (green), plus water (pink) 
and plus water + nutrients (dark blue) treatments. Dots below letters represent outliers. There were significant interactions between treatment and 
N-fixer status for all variables (Table 2). Significant differences (Tukey's HSD; p < 0.05) between the non-fixing and N-Fixing species groups for each 
treatment are indicated with upper case letters. Significant differences within the non-fixing or N-fixing species groups for each treatment are indi-
cated by lower case letters.

FIGURE 2    |    Boxplots showing the lower quartile, median and the upper quartile for traits with a significant interaction between treatment and 
N-fixing status. (A) Maximum photosynthetic capacity (Amax; μmol m−2 s−1) and (B) instantaneous water-use efficiency (iWUE; μmol CO2 mmol 
H2O−1). iWUE was back-transformed from logarithmic transformation for plotting. Significant differences (Tukey's HSD; p < 0.05) between the non-
fixing and N-fixing species groups for each treatment are indicated with upper case letters. Significant differences within the non-fixing or N-fixing 
species groups for each treatment are indicated by lower case letters.
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added together (no additions vs. plus water + nutrients: t = −2.95, 
p = 0.025) and decreased by 15% when only nutrients were added 
(Figure 4A). However, this result was marginally significant (no 
additions vs. plus nutrients: t = 2.62, p = 0.056). We did not find 
an effect of the plus water treatment on nodule counts nor on 
total plant nodule mass (Figure 4), and nodule mass fractions 
did not respond to any of the treatments applied (Table 2).

4   |   Discussion

As extreme climatic events such as droughts that might alter 
resource availability and dynamics become more common, it is 
important to understand how they affect plants at early life his-
tory stages and whether additional factors like nutrients modu-
late the responses to water availability. Results from our shade 
house experiment show that responses to nutrient addition were 
stronger on tropical dry forest seedling biomass and growth than 
on water addition. Moreover, we demonstrate that N-fixing spe-
cies had a high capacity to take advantage of increased resource 
availability, particularly for nutrients, and to a lesser degree for 
water. Additionally, traits related to resource use (iWUE, gs, and 
PNUE) of individual seedlings shifted in a coordinated way with 
the addition of belowground resources toward more acquisitive 
and less resource-use efficient strategies, with the exception that 

N-fixing species maintained water-use efficiency across treat-
ments. These results may help to explain N-fixer dominance in 
tropical dry forests because they highlight the ability of N-fixing 
seedlings to adapt to local soil resource heterogeneity.

4.1   |   Water and Nutrients Influence Seedling 
Growth and Biomass Allocation

We found that nutrients appear to play a larger role than water 
in the early stages of tropical dry forest seedling growth and 
biomass accumulation, even in a very dry year, and that re-
sponses to the additional resources depended on the capacity of 
species to fix nitrogen. When nutrients were added either alone 
or in combination with watering, all species responded posi-
tively; however, N-fixing species grew faster, accumulated high 
amounts of total biomass, and invested more in roots than in 
leaves. These results corroborate the findings reported by Smith-
Martin et al. (2017) who found that responses to soil type and 
light availability differ between legume and non-legume trop-
ical dry forest tree species. Our results using seedlings under 
controlled conditions were similar to the findings of a large-
scale ecosystem experiment using many of the same species and 
similar treatments, which found stronger responses of trees to 
nutrient additions than to reductions in soil water availability 

FIGURE 3    |    Boxplots showing the lower quartile, median and the upper quartile for traits with a significant treatment effect. (A) stomatal conduc-
tance (gs; mol m−2 s−1), (B) leaf nitrogen concentration per unit of area (N-area; g/m2), and (C) photosynthetic nitrogen use efficiency (PNUE; μmol 
mol−1 s−1). Dots below letters represent outliers. N-area and PNUE were back-transformed from logarithmic transformation for plotting. Significant 
differences between treatments (Tukey's HSD; p < 0.05) are indicated by lower case letters.

FIGURE 4    |    Boxplots showing the lower quartile, median, and the upper quartile for (A) number of root nodules found in each seedling (B) esti-
mated total nodule mass, and (C) nodule mass fraction. Significant differences between treatments (Tukey's HSD; p < 0.05) are indicated by lower 
case letters.
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(Vargas G et al. 2023). Additionally, in the water addition treat-
ment (plus water) only N-fixing species responded by increasing 
their total biomass, whereas non-fixing species did not. This re-
sult supports the findings of Nielsen et al. (2019) who found that 
chaparral shrub species with lower growth rates had lower total 
biomass accumulation with the addition of water than when nu-
trients were added.

Nutrient supply in tropical dry forest is highly sensitive to 
changes in water availability due to the positive effects of water 
availability on microbial communities that decompose leaf litter 
(Waring et  al.  2021). Therefore, our results could play an im-
portant role in explaining seedling establishment and growth 
in these ecosystems. The capacity of N-fixing species to germi-
nate quickly (Vargas G et al. 2015), to increase N fixation when 
light increases (Taylor and Menge 2018), to inhibit the growth of 
neighbor trees (Taylor et al. 2017), and to take advantage of high 
nutrient availability, as we have demonstrated, could all give N-
fixing species a competitive advantage over non-fixing species 
when establishing in early successional forest.

4.2   |   Nutrient and Water Availability Influence 
Seedling Water-Use and Carbon Assimilation Traits 
and N Fixation Potential

It has been proposed that seedlings coordinate their leaf traits 
toward a more acquisitive strategy as a short-term response to 
greater resource availability (Santiago 2015; Werden et al. 2020). 
Indeed, we found similar responses; but this strategy was highly 
associated with the capacity to fix nitrogen (Figure S2A). When 
nutrients were added alone, all species responded by increasing 
their leaf N concentrations while also decreasing their PNUE 
(Figure 3B,C). This could reflect a coordinated trait shift of trop-
ical dry forest species toward a more acquisitive strategy charac-
terized by leaves with shorter life spans, which corroborates the 
results by Cordell et al. (2001) who found a consistent trade-off 
between PNUE and leaf life span in fertilized plots in Hawaii. 
We also found consistent increases in stomatal conductance in 
all the tree species when water was added. This result might in-
dicate that seedlings, regardless of their functional group, avoid 
heat by using transpiration as a strategy to control leaf tempera-
ture in hot environments, as shown by Aparecido et al. (2020) 
and Marchin et al. (2023).

We hypothesized that water-use efficiency and photosynthetic 
rates vary depending on N-fixing status. As expected, these 
two important traits for resource use and acquisition differed 
depending on the capacity to fix N but not in the direction that 
we predicted. Non-fixing species water-use efficiency was heav-
ily reduced by the addition of water, which corroborates the re-
sults found by Nielsen et al. (2019) that showed that in chaparral 
shrub species, water-use efficiency is reduced with water addi-
tion. This result might be explained by the increases in stomatal 
conductance experienced by all seedlings to potentially avoid 
excessive leaf temperatures (Figure  3A). Yet despite the fact 
that N-fixing species had comparable stomatal conductance val-
ues to non-fixing species when water was added, N-fixing spe-
cies maintained the same levels of water-use efficiency across 
all treatments and were twice as efficient on average as non-
fixing, regardless of the treatment applied. This was potentially 

achieved by an adjustment of photosynthetic rates in concert 
with leaf transpiration rates as seen in the plus water treatment 
(Figure 2).

We acknowledge that nodule count, nodule mass fraction, 
and estimated total plant nodule mass are imperfect proxies 
for N fixation. Given that caveat, in the case of symbiotic N-
fixation, nutrient addition alone decreased the number of nod-
ules (Figure 4A), corroborating the results found by McCulloch 
et al. (2021), Waring et al. (2019), and Vargas G et al. (2023) sug-
gesting that high levels of soil N may downregulate nodulation 
(McCulloch and Porder 2021). However, nodule mass increased 
in both of the nutrient treatments (Figure  4B), which aligns 
with patterns observed in increasing biomass accumulation 
and growth rates of N-fixing species when nutrients were added 
(Figure 1A,B). Moreover, water addition did not significantly af-
fect nodule counts or estimated total nodule mass. Our results 
suggest that nitrogen fixation might be a nutrient-limited pro-
cess in these soils, as we observed increments in nodule mass 
in the nutrient treatments (Figure 4B). We hypothesize that this 
result could be due to the addition of phosphorus, as shown by 
Toro et al. (2023).

In general, N-fixing species are characterized by having high fo-
liar N concentrations and high water-use efficiency (Powers and 
Tiffin  2010). These characteristics may explain why N-fixing 
species may maintain a competitive advantage over non-fixing 
species when resources necessary for growth are made available 
(Adams et al. 2016; Gei et al. 2018). Our results underscore this 
dynamic, as we found that N-fixing species were associated with 
high carbon uptake traits that enabled them to take advantage of 
elevated levels of belowground resources, especially nutrients, 
while non-fixing species showed a lower relative response to the 
same belowground resource additions (Figure 1). These results 
may explain the observed difference in biomass and growth 
rates between N-fixer and non-fixer species within this tropical 
dry forest system.

There were clear, different effects of nutrient versus water ad-
dition on N fixation (Figure  4). When nutrients were added, 
N-fixing species responded by upregulating nitrogen fixation, 
which was coordinated with a fast acquisition strategy with 
high mean water-use efficiency for rapid biomass accumula-
tion. Overall, our results suggest that N-fixing species take 
advantage of increased resource availability as quickly as pos-
sible. These strategies could optimize seedling establishment, 
growth, and biomass gain in tropical dry forest, where below-
ground resource availability is seasonally pulsed. In the tran-
sition between dry and wet season in the tropical dry forest, 
these types of strategies are important because forest foliage 
expansion occurs quickly, coinciding with high nutrient avail-
ability from decomposing litterfall and increased microbial ac-
tivity (Campo et al. 1998), high levels of light in the understory, 
and quickly increasing soil moisture. Under these rapidly 
changing conditions, N-fixing species may have a competitive 
advantage over non-fixing species as the N-fixing species we 
examined appear to have the capacity to coordinate their traits 
toward more acquisitive strategies while retaining their effi-
cient water-use strategy across a variety of contexts, with the 
aim of maximizing growth and biomass accumulation before 
the canopy closes.
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In pot experiments, it can be difficult to impose nutrient and wa-
tering treatments that are comparable in magnitude, especially 
given the role of soil moisture in regulating nutrient availability. 
Our treatments were designed to represent large pulses of nu-
trients and/or water. Our soil moisture data indicated that we 
succeeded in immediately boosting soil moisture ~15% over am-
bient values; although this was not sustained over 2 weeks. We 
acknowledge that this may have influenced our results, and we 
suggest that future experiments use multiple levels of nutrients 
and/or water, as these may elicit different responses (e.g., Toro 
et al. 2023).

5   |   Conclusion

We found that a diverse group of tropical dry forest seedlings 
responded more to nutrient availability compared to water. 
Moreover, our experiment revealed fundamentally different 
ways that N-fixing tropical dry forest species respond to het-
erogeneity in belowground resources compared to non-N-fixing 
species. N-fixing legume seedlings generally grow rapidly com-
pared to other taxa in the ontogenetic stages post-germination, 
and our work shows that they also have larger responses to 
nutrients compared to non-fixing. Moreover, we found that N-
fixing species in this system appear not to fully conform to the 
acquisitive/conservative trait syndrome dichotomy, as they ex-
hibited acquisitive growth characteristics with the capacity to 
maintain the same levels of resource use efficiency across water 
and nutrient addition treatments. Together, these results suggest 
that N-fixing species might have a competitive advantage in 
tropical dry forests at the seedling stage as they are able to adapt 
to local soil resource heterogeneity.
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