
Biogeosciences, 20, 2143–2160, 2023
https://doi.org/10.5194/bg-20-2143-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Throughfall exclusion and fertilization effects on tropical dry forest
tree plantations, a large-scale experiment
German Vargas Gutiérrez1,2, Daniel Pérez-Aviles3, Nanette Raczka4, Damaris Pereira-Arias3, Julián Tijerín-Triviño5,
L. David Pereira-Arias3, David Medvigy6, Bonnie G. Waring7, Ember Morrisey8, Edward Brzostek4, and
Jennifer S. Powers1,3

1Department of Plant and Microbial Biology, University of Minnesota, St. Paul, MN 55108, USA
2School of Biological Sciences, The University of Utah, Salt Lake City, UT 84112, USA
3Department of Ecology, Evolution, & Behavior, University of Minnesota, St. Paul, MN 55108, USA
4Department of Biology, West Virginia University, Morgantown, WV 26506, USA
5Department de Ciencias de la Vida, Grupo de Ecología Forestal y Restauración, Universidad de Alcalá,
Madrid, 28801, Spain
6Department of Biological Sciences, University of Notre Dame, Notre Dame, IN 46556, USA
7Grantham Institute on Climate Change and the Environment, Imperial College London, London, SW7 2AZ, UK
8Division of Plant and Soil Sciences, West Virginia University, Morgantown, WV 26506, USA

Correspondence: German Vargas Gutiérrez (gevargu@gmail.com)

Received: 7 October 2022 – Discussion started: 14 October 2022
Revised: 15 March 2023 – Accepted: 10 May 2023 – Published: 15 June 2023

Abstract. Across tropical ecosystems, global environmen-
tal change is causing drier climatic conditions and increased
nutrient deposition. Such changes represent large uncertain-
ties due to unknown interactions between drought and nutri-
ent availability in controlling ecosystem net primary produc-
tivity (NPP). Using a large-scale manipulative experiment,
we studied for 4 years whether nutrient availability affects
the individual and integrated responses of aboveground and
belowground ecosystem processes to throughfall exclusion
in 30-year-old mixed plantations of tropical dry forest tree
species in Guanacaste, Costa Rica. We used a factorial design
with four treatments: control, fertilization (F), drought (D),
and drought+ fertilization (D+F). While we found that a
13 %–15 % reduction in soil moisture only led to weak ef-
fects in the studied ecosystem processes, NPP increased as
a function of F and D+F. The relative contribution of each
biomass flux to NPP varied depending on the treatment, with
woody biomass being more important for F and root biomass
for D+F and D. Moreover, the F treatment showed modest
increases in maximum canopy cover. Plant functional type
(i.e., N fixation or deciduousness) and not the experimen-
tal manipulations was the main source of variation in tree
growth. Belowground processes also responded to experi-

mental treatments, as we found a decrease in nodulation for
F plots and an increase in microbial carbon use efficiency
for F and D plots. Our results emphasize that nutrient avail-
ability, more so than modest reductions in soil moisture, lim-
its ecosystem processes in tropical dry forests and that soil
fertility interactions with other aspects of drought intensity
(e.g., vapor pressure deficit) are yet to be explored.

1 Introduction

Global environmental change is affecting primary productiv-
ity in tropical forest ecosystems. Among the main factors
behind this variation in productivity are the changes in the
hydrologic regime due to an increase in rainfall seasonal-
ity (Feng et al., 2013), increases in atmospheric water de-
mand (McDowell et al., 2020), and regional decreases in
soil moisture (Seneviratne et al., 2010). In other words, the
tropics are getting drier. Results from observational stud-
ies found that droughts may increase tropical tree mortal-
ity rates (Powers et al., 2020; Chazdon et al., 2005), reduce
aboveground biomass productivity (Phillips et al., 2009; Cas-
tro et al., 2018), reduce the production of seeds and flowers
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(O’Brien et al., 2018), and increase the abundance of high
wood density and deciduous tree species (Swenson et al.,
2020; Aguirre-Gutiérrez et al., 2020). However, how tropical
forests respond to drought depends on other environmental
factors such as soil fertility and the interaction with other dis-
turbances (Brando et al., 2014; Brodribb et al., 2020; Beck-
nell et al., 2021). Accounting for how these environmental
variables modulate ecosystem responses to drought will en-
hance our understanding of the impacts of global environ-
mental change on tropical forests, which play a dispropor-
tionate role in global carbon dynamics and provide ecosys-
tem services to one-fourth of the world’s population (Wright,
2005; Lewis, 2006).

One largely overlooked factor is the potential role of nu-
trient availability in mediating tropical forests’ vulnerabil-
ity to drought. Tropical forests exist in a highly heteroge-
neous mosaic of soil fertility, parent material, and topogra-
phy (Townsend et al., 2008; Augusto et al., 2017; Waring
et al., 2021), properties that shape forest composition (Con-
dit et al., 2013; Werden et al., 2018a) and function (Clark and
Clark, 2000; Cunha et al., 2022). Nutrient-limited environ-
ments harbor a greater proportion of slow-growing, drought-
tolerant species, whereas fast-growing drought-avoiding
species dominate nutrient-rich environments (Oliveira et al.,
2021), which suggests that soils play an important role in
determining the heterogeneity of tropical forest responses to
drought. Moreover, anthropogenic activities can cause an in-
crease in atmospheric nitrogen and phosphorus deposition
across ecosystems (Wang et al., 2017), and yet the conse-
quences of these changes in combination with rainfall vari-
ation remain unknown in tropical forests (Matson et al.,
1999; Hietz et al., 2011). In summary, the empirical evidence
needed to characterize drought–nutrient interactions has yet
to be documented but is highlighted as a priority to parame-
terize vegetation dynamics models (Smith et al., 2014).

1.1 Nutrient and water availability modulates
ecosystem processes

Soil fertility is an important factor modulating the responses
of forest productivity to rainfall variation. For instance, trop-
ical dry forest (TDF) stands growing in more fertile soils
tend to show higher increases in productivity with higher
rainfall than stands in nutrient-poor soils (Medvigy et al.,
2019; Becknell et al., 2021). In low-nutrient environments,
plants maximize transpiration rates to increase mass flow nu-
trient uptake, but variations in water availability could limit
these processes with potential costs to ecosystem productiv-
ity (Santiago, 2015). Other processes besides primary pro-
ductivity provide insight into ecosystem responses to global
environmental change. Leaves, and more precisely canopy
cover, are the center for carbon assimilation in forest ecosys-
tems. Recent evidence suggests that the patterns of leaf flush-
ing and leaf shedding are changing at a global scale be-
cause of climate change (Piao et al., 2019). While it is well

documented that TDF leaf phenological cycles depend on
plant water status and the start of the rainy season (Frankie
et al., 1974; Borchert, 1994), phosphorus fertilization seems
to reduce leaf lifespan in eastern Amazon forests (Cunha
et al., 2022). A decrease in leaf canopy cover affects produc-
tivity by decreasing the photosynthetic area (Doughty and
Goulden, 2008), while changes in the timing of leaf flushing
or shedding may create a cascade of effects with unknown
consequences, which will affect organisms that depend on
these processes (Coley, 1998). Thus, quantifying the com-
bined effects of rainfall reductions and soil fertility on leaf
production is key to disentangling the interactions between
primary productivity, canopy processes, nutrient availability,
and climate.

The extent to which nutrient and water availability interac-
tions affect belowground processes is highly uncertain, par-
ticularly in TDFs (Phillips et al., 2016; Allen et al., 2017).
The increase in specific nutrients (i.e., via nitrogen deposi-
tion) might cause an imbalance in stoichiometry or increase
water demand, which plants will adjust by increasing tran-
spiration rates or producing more root biomass (Lu et al.,
2018; Waring et al., 2019; Cunha et al., 2022). It is also
highly uncertain how these changes may affect the micro-
bial processes that determine carbon cycling. For instance,
whether soil microbial carbon use efficiency (CUE; the pro-
portion of total carbon consumed that is used to grow new
biomass) can acclimate in response to changes in water and
nutrient availability is not known. Current knowledge sug-
gests that microbes with high CUE produce more biomass
that upon death becomes protected from future microbial at-
tack by adhering to mineral surfaces (Cotrufo et al., 2013).
Under drought, the CUE of the microbial community may
decrease owing to the need to use carbon for survival strate-
gies rather than for growth (Schimel et al., 2007). However,
it is possible that reducing microbial nutrient limitation may
alleviate the impacts of drought on CUE due to microbes in-
vesting less energy in resource acquisition (Schimel et al.,
2007). Other aspects of soil microbial processes may be af-
fected by drought or modulated by soil nutrient availability
(Ahmed et al., 2018). Soil priming refers to the decompo-
sition of older recalcitrant organic matter following the soil
microbial community’s stimulation by adding labile organic
matter (Liu et al., 2020). If drought alters patterns of fine-root
growth and rhizodeposition (Preece and Peñuelas, 2016), this
may lead to altered priming with altered consequences of soil
organic carbon storage. Identifying the extent to which shifts
in nutrient and precipitation regimes alter soil carbon cycling
in TDFs is critical to increasing our understanding of climate
change consequences in this important biome (Knorr et al.,
2005; Chadwick et al., 2016).

1.2 Experimental framework

Carbon cycling in TDFs is likely limited by both water and
nutrient availability (Lugo and Murphy, 1986; Castro et al.,
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Figure 1. (a) Geographical location and layout of a throughfall exclusion by fertilization experiment in northwestern Costa Rica. (b) Picture
of a throughfall exclusion structure in a 30-year-old Swietenia macrophylla King. and Hymenaea courbaril L. plantation. The boundary of
Horizontes, locations of mixed plantations, and trails were obtained from the public geographic information system and layer repository
for the Área de Conservación Guanacaste (https://www.acguanacaste.ac.cr/biodesarrollo/sistemas-de-informacion-geografica/capas-sig, last
access: August 2016).

2018; Medvigy et al., 2019; Becknell et al., 2021). This col-
imitation of resources highlights the importance of quantify-
ing the individual and interactive roles of these two factors in
shaping ecosystem processes in this important and threatened
biome (Hoekstra et al., 2005; Miles et al., 2006). Large-scale
manipulative experiments are needed to understand the inter-

actions between drought and nutrient limitation, although to
date an experiment testing these two factors simultaneously
has not been implemented in tropical forests. While nutri-
ent addition experiments have shown mixed (strong, weak,
and none) effects on tree growth in tropical forests (Wright
et al., 2018; Hou et al., 2020; Cunha et al., 2022), results from
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Table 1. Focal tree species present in the experimental manipulations and their functional and hydraulic traits measured in other studies (data
from Powers and Tiffin, 2010; Powers et al., 2020). Here we present species leaf habit (LH) as deciduous (DC), semi-deciduous (SD), or
evergreen (EV), whether the species is nitrogen fixer (NF), specific leaf area (SLA, cm2 g−1), wood density (WD, gcm−3), water potential
at turgor loss point (9TLP, Mpa), or water potential at 50 % accumulation of embolisms (9P50, Mpa).

Family Species LH NF SLA WD 9TLP 9P50

Bignonaceae Handroanthus impetiginosus (Mart. ex DC.) Mattos DC N 97.85 0.71 −1.95 −3.15
Fabaceae Dalbergia retusa Hemsl. DC Y 67.70 0.80 −1.99 −4.71
Fabaceae Enterolobium cyclocarpum (Jacq.) Griseb. DC Y 145.51 0.38 −1.75 −2.73
Fabaceae Hymenaea courbaril L. SD N 69.45 0.84 −1.91 −4.2
Meliaceae Swietenia macrophylla King. DC N 68.86 0.67 −1.65 −2.92
Simaroubaceae Simarouba glauca DC. EV N 54.89 0.41 −1.98 −2.81

throughfall exclusion experiments suggest an initial decrease
in woody productivity over the first 2 years and an increase
in mortality after 5 years (Meir et al., 2015). Most of these
large-scale experiments have been conducted in wet tropical
forests (mean annual rainfall > 2000 mm) (Meir et al., 2015;
Wright et al., 2018), despite TDFs’ documented vulnerability
to drought (Powers et al., 2020).

To investigate whether nutrient availability modulates
changes in ecosystem processes in response to reduced rain-
fall manipulations, we established a large-scale, fully facto-
rial experiment in mixed-species plantations as model TDF
stands. We used rainout shelters covering 50 % of the forest
floor area to reduce soil moisture and/or fertilizer applica-
tions to increase soil nutrient availability (Fig. 1). We focused
data collection on aboveground and belowground ecosystem
processes that contribute to carbon cycling. Over a 4-year pe-
riod, we performed measurements on tree diameter growth,
canopy cover, and litterfall production as aboveground pro-
cesses and measurements of fine-root production, nodula-
tion, microbial CUE, and soil priming as belowground pro-
cesses. We then integrated ecosystem-level responses to the
experimental manipulations by quantifying net primary pro-
ductivity, aboveground primary productivity, and the carbon
allocation between aboveground and belowground biomass.

2 Methods

Our experiment was conducted for 4 years (2016–2020) at
Estación Experimental Forestal Horizontes (hereafter Hori-
zontes) in northwestern Costa Rica (10.711◦ N, 85.578◦W)
(Fig. 1). Before Horizontes was incorporated into Área
de Conservación Guanacaste (ACG), the lands were used
for grazing and crops (Werden et al., 2018b). Since
1989, Horizontes has served as a large-scale ecologi-
cal and forestry research laboratory, and the ∼ 7500 ha
area encompasses a mosaic of TDFs at different suc-
cessional stages (0–80 years), 64 ha of timber planta-
tion trials of native TDF species (Gutiérrez-Leitón, 2018),
restoration trials (Werden et al., 2020), and a Mesoameri-
can TDF arboretum (http://www.arbnet.org/morton-register/

arboretum-del-bosque-seco-tropical, last access: July 2021).
During the study period, total annual rainfall averaged
∼ 1547 mm, and median temperatures were 26.5± 1.6 ◦C
during the dry season and 25.6± 1.5 ◦C during the wet sea-
son (Fig. S1 in the Supplement). Precipitation values were
in the range with the historical average of ∼ 1500 mm (Var-
gas G. et al., 2015). In Horizontes the start of the wet sea-
son is defined when cumulative rainfall reaches 100 mm,
which usually occurs in May and defines the beginning of the
hydrological year (i.e., 12 months after cumulative rainfall
reaches 100 mm) (Aragão et al., 2007; Waring et al., 2019).
Therefore, our temporal scale is the hydrological year, as in
TDFs the start of the rainy season determines the beginning
of leaf production, seed germination, and other ecological
processes (Murphy and Lugo, 1986).

2.1 Experimental design

We conducted our experiment in tree plantations that were
established in 1991 (Gutiérrez-Leitón, 2018). The planta-
tions consist of three 8–10 ha blocks that each contain one
of three focal species combined with 1 of 4 species from
a pool of 11 species native to northwestern Costa Rica
(Fig. S2). The plantations have not received any management
for 25 years prior to our experiment, trees were planted at a
spacing of 3 m× 3 m, and the understory now contains a di-
verse community of 15 lianas and 50 trees/shrubs (Fig. 1).
We selected six species that represent functional types com-
mon to the TDF based on species’ ability to fix atmospheric
nitrogen and leaf habit phenology (Table 1) (Xu et al., 2016;
Powers and Tiffin, 2010). We took a tree-centered approach
in locating the plots to include at least six individuals of
each focal species in the four treatments, with a minimum
of 12 trees per plot. For this reason, the plot area ranged
from 120 to 360 m2 and contained a two-species combination
that we designated as a stand (Table S1 in the Supplement).
This experimental design was a compromise that allowed us
to have at least four individuals of each species within plots
per treatment. Before selecting the plot locations, we did ex-
tensive surveys of tree diameters to ensure that there were
no systematic differences in tree diameters within species
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among treatments (Fig. S3). Soil samples (0–10 cm depth)
were collected in 2016 and 2021 by taking 7 to 10 cores
(2.5 cm diameter, 1 on each corner and 3 to 6 in the cen-
ter line of the plot) and compositing cores by the plot. Par-
ticle size distribution was collected in 2016 (Table S2) and
extractable elements (Olson extractable Cu, Zn, Mn, Fe, K,
and P) and total C and N for samples collected in the fifth
year (2021).

We performed nutrient and drought manipulations using a
fully factorial design with four treatments: fertilization (F),
drought (D), drought+ fertilization (D+F), and unmanip-
ulated control. We established four plot replicates per ex-
perimental treatment that each contained two of the six tree
species, such that every species was represented in one plot
of each treatment. The D and D+F treatments consisted of
a series of structures that covered 50 % of the surface area
at each plot and were suspended at a 40◦ angle at distances
from 0.4 to 2.5 m above the ground (Fig. 1). The through-
fall exclusion shelters were built with transparent polycar-
bonate corrugated sheets, wood poles, and polyvinyl chloride
pipes. To avoid lateral fine-root growth outside the through-
fall exclusion structures, we dug a 50 cm-deep trench around
each exclusion plot that was covered with a barrier of double-
folded 0.075 mm-thick polyethylene film and then backfilled.
Precipitation was routed off the throughfall exclusion plots
by a system of gutters and ground channels (Fig. 1). For
the F and D+F treatments, a slow-release complete-formula
(macronutrients and micronutrients) nutrient fertilizer was
broadcast uniformly over the entire plot area in two applica-
tions during the rainy season each year. From 2016 to 2018
we used Basacote® Plus 3M (Compo Expert GmbH), and
then, due to low market availability from 2018 through 2020,
we used Osmocote® Plus (Scotts Company LLC) (Table S3).
Nutrient addition rates were targeted to 150 kgNha−1 yr−1

(Table S1), similar to other large-scale tropical forest fertil-
ization experiments (Wright et al., 2011; Alvarez-Clare et al.,
2013; Waring et al., 2019). We placed fertilized plots more
than 50 m away from other plots or down the slope from con-
trol and drought plots whenever we could not find enough
trees 50 m away. These measures considered the possibility
of nutrient leaching from one plot to another one. Finally,
because litterfall accumulated on the surfaces of the plastic
panels, every 2 weeks we used long brooms to sweep the lit-
ter off the panels and then place it under each panel.

2.2 Soil moisture

We quantified volumetric soil moisture at a 30 min frequency
for the duration of the experiment with an EM50 Digital data
logger equipped with four 10-HS soil moisture probes (ME-
TER Group, Inc. USA). Probes were distributed in two op-
posite pairs from the center of each plot, each pair consisting
of a probe at 10 cm depth and another probe at 40 cm depth
in the soil.

2.3 Aboveground processes

2.3.1 Tree growth

From December 2016 to December 2020, we measured the
diameter at breast height (DBH) for all stems greater than
2.5 cm DBH annually at the end of the growing season.
These measurements included the plantation trees and ev-
ery stem that recruited into the 2.5 DBH size class be-
fore and during the experiment. All trees and shrubs were
identified to species level and classified into nitrogen fix-
ation and leaf habit (evergreen or deciduous) functional
types. For stems between 2.5 and 10 cm DBH, diameter was
measured with a diameter tape at a marked point 130 cm
above the ground. In the case of stems > 10 cm DBH, we
measured DBH increments using band dendrometers set at
130 cm. For each stem we calculated relative growth (RGR)
as RGRi−f = log(DBHf /DBHi)/(DBHf /DBHi)((DCf −
DCi)/365), where DC represents the day of the century,
i and f final DBH and DC values for a given stem (Wright
et al., 2011).

2.3.2 Canopy productivity

We measured canopy productivity from January 2017
through December 2020 using two complementary meth-
ods: litterfall traps and leaf area index. To measure litterfall
production, we deployed three 0.25 m2 traps ∼ 0.4 m above
the ground in a transect along the center of each plot. In
plots with throughfall exclusion structures, traps were in the
spaces between the polycarbonate sheets. Litter was col-
lected monthly from each trap, dried for 72 h at 60 ◦C, sorted
into leaves, small branches, flowers, fruits, and frass, and
then weighed separately. We then calculated the annual lit-
terfall productivity (kgm−2 yr−1) for total litterfall (leaves,
small branches, flowers, and fruits), only leaves, and repro-
ductive litterfall (flowers and fruits).

Leaf area index (LAI) was measured at seven points at
each plot (four in each corner and three along the center)
every 10 to 30 d with an LAI-2200C Plant Canopy Ana-
lyzer (LI-COR Biosciences, Lincoln, NE, USA). The vari-
ation in sampling frequency was caused by logistical con-
straints that wet seasons occasionally imposed on our abil-
ity to reach the plots. Because of the high abundance of
species from the Fabaceae family in the plots, LAI mea-
surements were performed after sunrise (between 09:00 and
11:00 GMT−6) given the associated nastic movements in
leaves after dawn and before dusk (Minorsky, 2019). For that
reason, we took each measurement using a 45◦ angle cap to-
wards the center of the plot and performed scattering cor-
rection before and after each measurement cycle throughout
the entire experiment. LAI data were subsequently estimated
from the first four gap fractions using the software applica-
tion FIV-2200 (LI-COR Biosciences, Lincoln, NE, USA). In
2017, tropical storm Nate, which impacted 85 % of the whole
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Costa Rican territory (Quesada-Román et al., 2020), caused
a significant LAI decrease during the month of November
(Fig. S4). For that reason, we dropped the measurements of
November and December 2017 from all the analyses involv-
ing LAI data. From the LAI data, we extracted leaf area du-
ration (LAD, m2 m−2 d−1), which describes the temporal dy-
namics and leaf persistence in the canopy of broadleaf plant
communities (Ewert and Pleijel, 1999; Norby et al., 2003).
LAD is defined as the area under the nonlinear curve of LAI
as a function of the Julian day:

LAD=

e∫
b

LAI(t),

where b describes the beginning of the growing season in
Julian days, e the end of the growing season in Julian days,
and LAI(t) the function of LAI temporal variation during the
given growing season (Pokorný et al., 2008). The growing
season in this case is defined by leaf flushing and leaf fall
(Norby et al., 2003). We obtained the growing season param-
eters b and e from plot-specific and year-specific generalized
additive models by estimating the Julian days on which LAI
starts to increase (positive slope change) from the minimum
and when it starts to decrease (negative slope change) after
the maximum LAI (Methods S1 in the Supplement). Then
we fitted the LAI temporal variation during the growing sea-
son and integrated it from b to e to obtain the area under
the nonlinear function LAI(t) (Fig. S5). In addition to LAD,
for each plot, we calculated the maximum LAI value during
the growing season (LAImax, m2 m−2), minimum LAI during
the dry season (LAImin, m2 m−2), leafless period (LLP, d),
start of leaf flushing defined as the growing season beginning
(GSB, d), and seasonal LAI enlargement (LAE, %), which is
the percent change in LAI from the dry season to the wet
season (Pokorný et al., 2008).

2.4 Belowground processes

2.4.1 Fine-root and nodule production

We measured fine-root production from July 2016 through
December 2020 using the ingrowth core method (Waring
et al., 2016). To do this, we installed seven ingrowth cores
in each plot to a depth of 15 cm. With this method, we quan-
tified fine roots as the biomass of new root growth inside an
8 cm diameter cylindrical ingrowth bag with a 2 mm nylon
mesh. The cores were collected 2 months after deployment,
and a subsequent new set of cores was installed right after
collection. While deploying the cores, we filled them with
sieved, root-free soil collected on site. During the first year of
the experiment, cores were sampled in the dry season. How-
ever, the clay-rich soils harden greatly during the dry season,
which increased the difficulty of deploying new bags during
these times. For the following 3 years, ingrowth bags were
harvested in June, August, and November, with the modifica-

tion that the bags harvested in June were deployed in Novem-
ber. We acknowledge that roots may have grown, died, or de-
composed during the dry season (Kummerow et al., 1990).
However, this effect will lead to minimal bias in annual to-
tals, as dry-season root growth and decomposition are ex-
pected to be negligible in the TDF (Kavanagh and Kellman,
1992). After collecting the cores, fine roots were separated
from the soil by washing them over a 2 mm sieve. We counted
the number of nodules on each root sample if present. Fi-
nally, root samples were dried for 72 h at 60 ◦C and weighed
to estimate total fine-root productivity (kgm−2 yr−1).

2.4.2 Microbial CUE and priming

To analyze microbial CUE, we collected 10 soil samples
(5 cm diameter, 15 cm depth) from each plot during the
wet season in August 2019 and homogenized them into 1
soil sample per plot. The samples were expedited back to
the University of Minnesota, where a laboratory microcosm
experiment was performed. Microbial CUE was assessed
using the 13C-glucose tracing method (Frey et al., 2013):
briefly, > 97 % 13C glucose (Cambridge Isotope Laborato-
ries) at a rate of 400 µgCg−1 soil was mixed with 25 g
of each homogenized soil sample in 32 oz mason jars
(946.3 mL) with septa in the lids. Soil samples that did not
rewet to maximum water-holding capacity (WHC) from con-
trol, D, F, and D+F plots were brought to 20 % WHC with
the addition of the glucose solution, with laboratory repli-
cations yielding n= 4. To examine the effects of rewetting,
additional soil samples from each field treatment were re-
hydrated with a glucose solution to maximum soil WHC
(n= 4). Additional control soils were incubated without the
addition of glucose and received the same amount of deion-
ized water as non-rewet samples as a non-amended control,
bringing the total to 48 jar incubations. Soil microcosms were
well mixed with water or substrate solution and incubated
for 1 week at room temperature. During this time the pro-
ductions of 13CO2 and total CO2 were assayed every other
day by taking gas samples from the microcosm headspace
through the septa and inserting them into 12 mL Exetainer
vials (Labco Limited). After gas samples were taken, jars
were opened for ∼ 20 min to allow for gas exchange. After
the experiment was complete, Exetainer vials were shipped
to West Virginia University, where each gas sample was mea-
sured using an LI-6400 (LI-COR Biosciences, Lincoln, NE,
USA) and a Picarro G2201-i (Picarro Inc., Santa Clara, CA,
USA). Glucose- and soil-organic-matter-derived CO2–C was
calculated via mass balance as described in Morrissey et al.
(2017). Priming was then calculated as the difference in soil
organic matter CO2–C between the microcosms that received
substrate solution and those that received water. At the ces-
sation of the incubation, total microbial biomass was ob-
tained by a chloroform fumigation method (Witt et al., 2000).
Briefly, 8 g of soil was suspended in 45 mL of 0.1 M K2SO4
with or without an additional 1 mL of ethanol-free chlo-
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roform and shaken for 4 h (chloroform) or 2 h (no chloro-
form) and filtered (90 mm GF/A filter paper). Extracts were
stored at−20 ◦C until dissolved organic carbon was oxidized
to CO2 via a persulfate digestion (Doyle et al., 2004). Di-
gestion efficiency was determined using a standard curve
of yeast extract solution ranging from 0 to 200 mgCL−1.
The concentration and isotopic enrichment of the resulting
CO2 gas were measured on the Picarro G2201-i (Picarro
Inc., Santa Clara, CA, USA). Total and substrate-derived
microbial biomass – C was calculated as the difference
in C (mg) between chloroformed and non-chloroformed soil
extracts. Microbial CUE was calculated as substrate-derived
biomass – C divided by the total carbon consumed (substrate-
derived CO2–C and biomass – C), where we distinguished
substrate-derived microbial biomass C from total microbial
biomass by using the atom percent 13C to calculate the total
amount of 13C-labeled biomass per gram of dry soil (Kane
et al., 2023).

2.5 Ecosystem productivity

To quantify total net primary productivity (NPP)
(kgm−2 yr−1), we summed total litterfall, wood, and
root production in each plot for a given year. To estimate
wood production, we calculated stem aboveground biomass
(AGB) using allometric equations for tropical tree species
(Chave et al., 2014). For the allometric equations, we
measured the height of each stem using a Haglöf EC II-D
electronic clinometer (Haglof Inc., Madison, MS, USA)
and obtained wood density data from a functional trait
database for the TDF of Guanacaste (Powers and Tiffin,
2010). Mean wood density was substituted for species
without wood density data. Annual woody productivity
then represented the sum of biomass increments from trees
newly recruited into the 2.5 cm DBH size class plus biomass
gain from increased diameters in planted and existing
recruited trees. Additionally, we calculated aboveground net
primary productivity (ANPP) by summing only woody and
litterfall productivity and the aboveground : belowground
productivity ratios (AGB : BGB) by dividing ANPP by the
root production in each plot for each year.

2.6 Statistical analysis

To test whether the throughfall exclusion structures affected
soil moisture, we performed a linear mixed model with the
change in soil moisture for a given plot as the response vari-
able, the presence of the throughfall exclusion structure and
the weekly time points from January 2017 to December 2020
as fixed effects, and probe nested within plot nested within
stand as a random intercept. This approach allowed us to test
the effect on soil moisture after the onset of the throughfall
exclusion structures (Reid et al., 2015) while also accounting
for the intra-annual variation in soil moisture typical of the
TDF (Schwartz et al., 2022). We ran separate models for each

depth (10 and 40 cm) and for the wet season and dry season
due to the strong rainfall seasonality. To obtain the change in
soil moisture per plot, we divided the observation time into
two periods, a pretreatment (May 2016 to late August 2016),
which consisted of wet-season soil moisture data before the
shelters were set up, and an experimental period (January
2017 to December 2020). We excluded from this analysis the
data collected between September and December 2016 as we
finished establishing the rainout shelters 3 months into the
rainy season. After removing outliers using the interquartile
method, we calculated the median pretreatment soil moisture
(SMPT, m3 m−3) for each probe in each plot. We then calcu-
lated the treatment effect as the percent change between each
soil moisture observation (SMi , m3 m−3) and the SMPT. To
investigate interannual variation in wet-season soil moisture,
we fitted additional linear mixed models to test whether soil
moisture in plots without throughfall exclusion varied as a
function of year and depth with the probe nested within the
plot nested within stands as a random intercept. In both cases,
we calculated type-III sum squares and the F value for each
model and performed Tukey’s honest significance difference
test (Tukey’s HSD) for multiple comparisons.

We tested the effects of the experimental treatments on
aboveground and belowground ecosystem processes by fit-
ting a series (one for each response variable) of a two-
factorial linear mixed-effect model. For tree diameter RGR,
we studied responses by understory and plantation trees sep-
arately due to differences in the life history of individuals and
the possible biases in growth associated with tree size (Iida
et al., 2014). Moreover, in addition to the treatment effects,
we quantified the effects of two plant functional type classi-
fications. For this, we fitted a model that included leaf phe-
nology (e.g., deciduous and evergreen) and a model that in-
cluded whether the species was a nitrogen fixer or not. Func-
tional types are linked to physiological differences among
tree species (Vargas G. et al., 2021; Powers and Tiffin, 2010;
Vargas G. et al., 2015) and are important drivers explaining
tree growth responses to nutrient additions and water avail-
ability (Waring et al., 2019; da Costa et al., 2010; Wright
et al., 2011; Toro et al., 2022). In these models, RGR was the
response variable, and drought, fertilizer, and functional type
were the predictors. Additionally, we included the species’
identities of each stem nested within the plot nested within
the stand as random effects. In the case of biomass fluxes,
microbial CUE, and LAI-derived metrics, these processes
(e.g., total litterfall) were the response variables, the drought
treatment was one factor, and the fertilizer treatment was
the second factor; we included their interaction and the ex-
perimental unit (e.g., litterfall basket) nested within the plot
nested within stands as a random intercept. With these mod-
els, we were able to estimate the main effect of drought,
the main effect of fertilization, and the interaction between
drought and fertilization while also accounting for the ef-
fects of the plantation stand and the plot and, in the case
of RGR, plant functional type. We then calculated type-III
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sum squares and the F value for each model in an analysis
of variance (ANOVA) given our unbalanced design and used
Tukey’s HSD test for multiple comparisons. To analyze the
response of CUE from soils that were held at field soil mois-
ture to soils that were rewet, we calculated the natural log
response ratio (i.e., ln(RR)), defined here as the mean of the
rewet soils’ CUE divided by the mean CUE of the field soil
moisture soils. Values of ln(RR) below 0 indicate a decline in
CUE to rewetting. All data management and statistical anal-
yses were done using R software for statistical computing
version 3.6.3 (R Core Team, 2021) and the packages mcvg
(Wood, 2004, 2011), nlme (Pinheiro et al., 2019), car (Fox
and Weisberg, 2019), and tidyverse (Wickham et al., 2019).

3 Results

3.1 Soil moisture and fertilization

At 40 cm depth, we found evidence (p< 0.05) of a
∼ 13 % reduction in soil moisture as a function of the pre-
treatment period in the plots with a throughfall exclusion
structure, contrary to a weak∼ 4 % reduction in soil moisture
in the plots without throughfall exclusion (Fig. 2). At 10 cm
we observed an average change of −15 % in throughfall ex-
clusion plots, but this was not significantly different when
compared to the non-drought plots (−9.43 %) (Fig. 2). In
both plots with throughfall exclusion and plots without ex-
clusion there was strong evidence (p< 0.001), across all
depths and in both seasons, that soil moisture increased or de-
creased following seasonal rainfall patterns. Weekly median
soil moisture values in the throughfall exclusion plots oscil-
lated between 0.21–0.42 m3 m−3 at 10 cm depth and 0.25–
0.44 m3 m−3 at 40 cm depth compared to 0.22–0.43 m3 m−3

at 10 cm depth and 0.25–0.45 m3 m−3 at 40 cm depth for
plots without throughfall exclusion (Fig. 2). Wet-season
soil moisture followed the interannual rainfall variability
in which the average volumetric water content was around
0.39 m3 m−3 during 2016 and 2017, while it was around
0.32 m3 m−3 from 2018 to 2020 (Fig. S6). At the end of 4
years, extractable soil P increased by 2–3-fold in plots re-
ceiving fertilizer, and extractable Fe also increased (Fig. S7);
however, none of the other soil chemical variables we mea-
sured differed among treatments.

3.2 Aboveground responses

3.2.1 Tree diameter RGRs

We found no evidence of changes in RGR as a function of D
and F additions for either understory (D: F = 0.03, d.f.= 1,
p= 0.8601; F: F = 0.22, d.f.= 1, p= 0.6580) or plantation
(D: F = 2.35, d.f.= 1, p= 0.1489; F: F = 1.14, d.f.= 1,
p= 0.3041) trees. We found moderate evidence of an in-
teraction between drought and fertilizer for plantation trees
(F = 5.16, d.f.= 1, p= 0.0499) but not for understory trees

(F = 5.04, d.f.= 1, p= 0.0659) (Fig. 3), whereas the effects
of fertilization caused an increase in RGR for trees in drought
plots and a decrease for trees in non-drought plots (Fig. S8).
The nitrogen-fixing plant functional type (PFT) explained
the differences in RGRs for understory (F = 21.11, d.f.= 1,
p= 0.0001) and plantation (F = 4.18, d.f.= 1, p= 0.0512)
(Fig. 3) trees, with non-N fixers showing higher growth rates
than N fixers in both cases. On the other hand, the decidu-
ous PFT showed weaker effects on RGR for plantation trees
(F = 3.95, d.f.= 1, p= 0.0639) (Table S4). RGR varied id-
iosyncratically among plantation species in response to the
experimental treatments, but we did not find evidence of sig-
nificant treatment effects (Fig. S9). We also found a higher
number of dead trees over the 4 years in plots with experi-
mental manipulations and hence higher biomass losses (Ta-
ble S5). Mortality, recruitment, and survival for the trees and
shrubs that were recruited in the plots did not differ in re-
sponse to the experimental treatments (Fig. S10).

3.2.2 Canopy productivity

The experimental manipulations showed no effects on fine
litter production (drought: F = 0.96, d.f.= 1, p= 0.3473;
fertilizer: F = 1.33, d.f.= 1, p= 0.2724) and the produc-
tion of leaves (drought: F = 0.64, d.f.= 1, p= 0.4404; fer-
tilizer: F = 1.39, d.f.= 1, p= 0.2646). Nevertheless, the
control plots produced on average 0.69± 0.14 kgm−2 of
fine litter, which was 12 % lower than in the fertil-
ized plots with 0.78± 0.14 kgm−2 yr−1, 13 % less than
0.79± 0.24 kgm−2 yr−1 of the drought plots, and 8 % lower
than 0.75± 0.23 kgm−2 yr−1 in drought+ fertilizer plots.
We also found a 40 % decrease in the production of flowers,
seeds, and fruits with nutrient additions (F = 4.84, d.f.= 1,
p= 0.0539) (Fig. S10) but no effects with the throughfall ex-
clusion (F = 1.54, d.f.= 1, p= 0.2449). In all the plots LAI
increased by∼ 73 % from the dry season (median LAI: 1.22)
to the wet season (median LAI: 5.10). None of the metrics
obtained from the LAI measurements changed in response
to the experimental manipulations (Fig. S12), the only ex-
ception being maximum LAI (LAImax), which we found to
be marginally higher for fertilized plots (F = 3.36, d.f.= 1,
p= 0.0928).

3.3 Belowground responses

3.3.1 Fine-root and nodule production

We found no evidence that differences in the produc-
tion of fine roots were due to the throughfall exclusions
(F = 0.25, d.f.= 1, p= 0.6227) or nutrient additions
(F = 0.73, d.f.= 1, p= 0.4105); despite that, root produc-
tivity in the control plots (0.112± 0.06 kgm−2 yr−1)
was ∼ 15 % less than in the drought plots with
0.133± 0.09 kgm−2 yr−1, ∼ 27 % less than in the fertilized
plots with 0.154± 0.09 kgm−2 yr−1, and∼ 24 % less than in
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Figure 2. Volumetric soil moisture records at two depths for plots with a throughfall exclusion structure and plots without it. (a) Temporal
variability at a weekly resolution median volumetric soil moisture with its associated 75th and 25th percentiles, where the dashed vertical
line represents the date when the structures were established. (b) Histogram distribution of the percent difference between the soil moisture
during the experiment (SMExp) and the soil moisture preceding the experimental treatments (SMPre) for each depth during the dry season and
the wet season, where the vertical lines represent the median SMExp−SMPre percent value for plots with a throughfall exclusion structure
(dashed) and plots without it (continuous). Reported results from a linear mixed-effect model comparing weekly SMExp−SMPre percent
values for each depth during the dry and wet seasons.

Figure 3. Diameter relative growth rate (RGR) responses of planta-
tion (a) and understory (b) trees to fertilization (F), drought (D), and
drought plus fertilization (D+F) over a period of 4 years (2016–
2020). Bar plots showing the mean RGR with the associated stan-
dard error (error bars) were obtained from a total of 194 plantation
trees and 462 understory trees in 16 experimental plots. Lowercase
letters stand for multiple comparisons among experimental treat-
ments from a post hoc Tukey honest significance difference test.

the drought+ fertilizer plots with 0.149± 0.12 kgm−2 yr−1.
In general, we observed a decrease in the production of
nodules in the fertilization treatment (χ2

= 4.95, d.f.= 1,
p= 0.0262), because only one nodule was observed in plots
with nutrient additions during the experimental manipu-
lations. Interestingly, nodule production was similar for
drought, drought+ fertilizer, and control plots with 69, 57,
and 53, respectively (χ2

= 0.03, d.f.= 1, p= 0.8589).

3.3.2 Microbial CUE

CUE was ∼ 38 % higher in soils from both the drought
(F = 4.31, d.f.= 1, p= 0.0621) and fertilized (F = 4.10,
d.f.= 1, p= 0.0678) plots relative to the control plots
(Fig. 4). When the soils were rewet in the laboratory, the
CUE exhibited a negative response as quantified by the
ln(RR) for both the drought (F = 5.66, d.f.= 1, p= 0.0366)
and fertilization (F = 0.73, d.f.= 1, p= 0.0809) treatments
(Fig. 4). There were interaction effects between experimental
treatments for both the CUE (F = 5.33, d.f.= 1, p= 0.0462)
and ln(RR) (F = 4.76, d.f.= 1, p= 0.0597), showing evi-
dence of different responses to drought depending on nu-
trient availability and how CUE was negatively affected
by rewetting for drought plots (Fig. 4). Soil priming was
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Figure 4. Microbial carbon use efficiency (CUE) and the log-
response ratio between laboratory rewet and non-rewet sam-
ples ln(RR) in control, F, D, and D+F during the wet season of
2019. Panel (a) shows bar plots with the mean response with the
associated standard error (n= 4), and panel (b) shows interaction
plots among experimental treatments. No significant differences
were present after performing a post hoc Tukey honest significance
difference test, despite the evidence of a moderate effect of F and D
on both CUE and ln(RR).

similarly influenced by rewetting, and across all the treat-
ments, the soils held at field soil moisture showed nega-
tive priming (Fig. S13). Rewetting the soils in the labo-
ratory led to greater soil C priming in the drought plots
(F = 5.33, d.f.= 1, p= 0.0497) but not in the fertilized plots
(F = 0.0191, d.f.= 1, p= 0.8932) (Fig. S13).

3.4 Ecosystem productivity and biomass allocation

Ecosystem-level fluxes were more responsive to fertilization
than to the throughfall exclusion (Fig. 5). NPP increased
with nutrient additions (F = 7.86, d.f.= 1, p= 0.0178),
which led to 17 % and 19 % higher NPP in fertilizer and
drought+ fertilizer plots, respectively, relative to the control
plots (Fig. 5). Although we observed a 14 % NPP increase in
the drought plots (F = 5.29, d.f.= 1, p= 0.0431), we found
no evidence that this was different from the control plots
after looking at the multiple comparisons (Fig. 5). Consis-
tently, when considering only ANPP, we found that fertil-
izer increased the amount of biomass produced (F = 5.81,
d.f.= 1, p= 0.0362), which was 15 % and 19 % higher for
fertilizer and drought+ fertilizer plots, respectively, relative
to the control plots (Fig. 5). Moreover, the drought treatment
increased ANPP (F = 4.58, d.f.= 1, p= 0.0575). We found
no evidence that the drought (F = 0.30, d.f.= 1, p= 0.5960)
or fertilizer (F = 0.35, d.f.= 1, p= 0.5645) plots allocated

Figure 5. Responses of ecosystem net primary productivity (NPP),
aboveground net primary productivity (ANPP), and aboveground-
to-belowground ratios to F, D, and D+F over a period of 4 years
(2016–2020). Panel (a) shows median values for each experimen-
tal manipulation with their associated standard error (n= 4) with
significance values after performing a post hoc Tukey honest sig-
nificance difference test where p< 0.05 (∗) and p< 0.1. Panel (b)
shows the interactions between F and D treatments where for NPP
and ANPP there was a greater response of non-drought plots to fer-
tilization.

more belowground biomass (Fig. 5). We did not observe in-
teraction effects by the experimental treatments in either NPP
(F = 1.13, d.f.= 1, p= 0.30), ANPP (F = 0.77, d.f.= 1,
p= 0.3991), or AGB : BGB (F = 0.34, d.f.= 1, p= 0.5695),
although the response to nutrient additions in the plots with-
out throughfall exclusions was slightly higher for NPP and
ANPP relative to plots in the drought treatment (Fig. 5b).

4 Discussion

Here we present the first attempt to experimentally test
whether integrated ecosystem responses to rainfall manipu-
lations are limited by nutrient availability in the TDF biome
(Beier et al., 2012; Meir et al., 2015). We found that a 13 %–
15 % reduction in soil moisture only leads to modest effects
in the studied ecosystem processes. By contrast, extractable P
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increased in the fertilized plots several fold (Fig. S7), causing
an increase in primary productivity (both NPP and ANPP)
(Fig. 5), a decrease in the nodule production, a decrease in
the production of seeds and flowers (Fig. S10), increases
in LAImax (Fig. S11), and an increase in CUE when com-
pared to the control plots (Fig. 4). Variations in tree RGRs
were mostly due to plant functional types rather than the ex-
perimental treatments. However, there was a significant in-
teraction in how understory trees responded to both treat-
ments, leading to a reduction in the differences between N-
fixing and non-N-fixing trees (Fig. 3). Collectively, these re-
sults suggest that reducing soil moisture by a modest amount
is not sufficient to drive large reorganizations in ecosystem
processes and that soil nutrient availability mildly modu-
lates short-term changes in productivity. Below, we further
explore the implications of these results in the context of
how soil fertility could affect tropical ecosystem responses
to global environmental change.

4.1 Nutrient and water limitations on ecosystem
productivity

In a broad sense, we found that nutrient availability had a
stronger control on forest productivity than a ∼ 15 % re-
duction in soil moisture. While this result does not res-
onate with the expectation that water availability imposes a
greater limitation on productivity across environmental gra-
dients than soil fertility (Harrington et al., 1995; Santiago and
Mulkey, 2005; Toledo et al., 2011; Sala et al., 2012; Poorter
et al., 2016), it provokes the question to what extent tropical
dry forests are resilient to drought stress. Our data point to
other aspects related to drought intensity and not soil mois-
ture alone, which could be key factors in how water avail-
ability shapes TDF primary productivity (Anderegg et al.,
2013). Recent studies from northwestern Costa Rica have
shown that abnormal drought stress due to a strong El Niño–
Southern Oscillation (ENSO) event in 2015 caused biomass
loss due to an increase in tree mortality, a decrease in re-
productive biomass production, and reductions in productiv-
ity (O’Brien et al., 2018; Castro et al., 2018; Powers et al.,
2020). The main characteristics of the 2015 ENSO were the
elevated temperatures and a substantial rainfall reduction for
the region (Santoso et al., 2017), which can increase the
severity of drought effects in forest ecosystems due to in-
creased atmospheric water demand (Brodribb et al., 2020;
McDowell et al., 2020). Thus, while throughfall exclusion
experiments manipulate soil moisture, it is possible that a
combination of factors such as the vapor pressure deficit, the
rainfall patterns (intensity and seasonality), and their link-
ages to soil moisture is a more important aspect of drought
stress for forested ecosystems than soil moisture alone.

We observed the strongest experimental signal in the fertil-
ization treatment (F and D+F) regardless of the throughfall
reductions. Such responses agree with known evidence of nu-
trient limitation on productivity in tropical forests (Alvarez-

Clare et al., 2013; Wright et al., 2018; Waring et al., 2019;
Cunha et al., 2022), which has also been observed in ecosys-
tem models for the TDF (Medvigy et al., 2019). Interestingly,
the contribution of each biomass flux to NPP depended on
the combined effects of drought and fertilization, with root
productivity contributing more in drought plots and woody
productivity in fertilized plots (Fig. S14), although the ob-
served changes in woody and root production were not sta-
tistically significant when analyzed individually. Changes in
root and woody productivity in response to nutrient addi-
tions have been observed in secondary wet tropical forests
(Wright et al., 2018) and eastern Amazon forests (Cunha
et al., 2022). In a nearby secondary TDF, Waring et al. (2019)
found no significant effect of nitrogen and/or phosphorus ad-
ditions on productivity; however, in contrast to that study,
our experiment included the additions of both macronutri-
ents and micronutrients (Table S2). Moreover, the increase
in productivity as a function of fertilization showed a bigger
yet not significant increase without the presence of through-
fall structures (Fig. 5b). This trend resembles observed pat-
terns in nearby stands of TDF, where forests in fertile soils
are more responsive to increases in rainfall than forests in in-
fertile soils (Becknell et al., 2021). Our results are compara-
ble to other throughfall exclusion experiments in which fine
litter production was not affected by the drought treatment
(Nepstad et al., 2002; Brando et al., 2006; Schwendenmann
et al., 2010), with most of its variation linked to interannual
climatic variability rather than the experimental manipula-
tions (Brando et al., 2008).

4.1.1 Canopy dynamics and tree growth

While maximum canopy cover (LAImax) showed a mild in-
crease in the fertilization treatment (p= 0.09), the temporal
dynamics of leaf phenology showed no changes (Fig. S12). It
is possible that the timing of leaf phenology may also depend
on intraspecific and interspecific responses to environmen-
tal factors that shape soil water availability, including tem-
perature, atmospheric water demand, and soil water reten-
tion. For example, the tree species Coussarea racemosa A.
Rich modified its vegetative and reproductive phenology in
response to a rainfall manipulation in the eastern Amazon
(Brando et al., 2006), while at the forest level changes were
observed in LAImax but not the timing of leaf production
(Brando et al., 2008). However, the opposite was observed
in a fertilization experiment in the same region, where nu-
trient additions reduced leaf lifespan and had no effects on
LAImax (Cunha et al., 2022). In a throughfall exclusion ex-
periment combined with fertilization in loblolly pine (Pinus
taeda L.) plantations, there were no changes in the LAImax in
response to rainfall reduction but an increase in the LAImax
in the fertilized plots (Samuelson et al., 2014), which is qual-
itatively consistent with our data. This body of knowledge
suggests that the effects of experimental manipulations on
canopy cover might be context-dependent.
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No species showed significant changes in RGR, but the
understory trees showed a reduction in the differences be-
tween N-fixing and non-N-fixing trees. For F and D this was
due to a reduction in growth rates by non-N-fixing trees and
for D+F due to an increase in the growth rates by N-fixing
trees (Fig. 4). One possible reason for these patterns could
be increased resource availability due to decreased compe-
tition. The D+F plots in which these three species were
present experienced the highest biomass losses due to mor-
tality during the 4 years of experimental manipulation (Ta-
ble S5; Fig. S10). Even though it is hard to determine the
cause of death, an increase in growth rates of understory trees
has been observed after the mortality of larger trees (Row-
land et al., 2015). The lack of responsiveness in the F and
D plots, in addition to the biomass losses in some of the
D+F plots (Table S5), supports the idea that the availability
of resources such as light could be the cause of higher RGR
in the D+F compared to the other treatments (Fig. S15).
The lowest RGRs were found in plots with the D treatment,
with the strongest experimental effect on D. retusa, E. cyclo-
carpum, and S. glauca (Fig. S9). While not significant, these
results are very similar to what has been found in other trop-
ical throughfall exclusion experiments (Meir et al., 2015),
in which there is an overall negative effect on tree diameter
growth by a decrease in soil moisture.

4.1.2 Belowground responses

The fertilized plots showed only one nodule during the length
of the experiment. This observed trend suggests that fertil-
izer addition alleviates nutrient limitations for legumes (Toro
et al., 2022) and confirms the facultative nature of nodu-
lation (Barron et al., 2011). While not statistically signif-
icant, nodule production was the highest for both drought
treatments (D and D+F). In part, a decrease in soil mois-
ture slows down the rate of nitrogen mineralization and lim-
its plant nutrient uptake (Borken and Matzner, 2009; He
and Dijkstra, 2014). Comparable to our results, the legume
species Robinia pseudoacacia L. also increased nodulation
in a drought experiment (Wurzburger and Miniat, 2014).
Moreover, trees tend to rely more on deeper water sources
with less access to nutrients (Querejeta et al., 2021). This al-
location of root biomass might also enhance nodulation in
legumes as there might be changes in the vertical profile of
nutrients in the soil, particularly in arid environments where
plants can have deep roots (Tumber-Dávila et al., 2022).
However, the lack of data on root production beyond the
top 15 cm in our experiment makes it hard to confirm that
this is the case.

Our soil incubation results suggest that global environ-
mental change has the potential to alter microbial CUE and
the susceptibility of soil carbon to pulse rainfall events in
tropical dry forests. After 3 years of treatment, soil microbes
in the D and F soils had significant increases in glucose-
based quantifications of CUE (Fig. 4). Increases in CUE are

commonly attributed to shifts in the microbial community
(Domeignoz-Horta et al., 2020), changes in the availabil-
ity of soil C (Morris et al., 2022), or a reduction in car-
bon investment by microbes in enzymes to fuel the nutri-
ent acquisition (Manzoni et al., 2012). In this experiment,
however, the increases in CUE in the D and F soils but not
the D+F soils hinder our ability to narrow down which of
these mechanisms may be driving our results. Quantifying
the shifts in microbial community composition and the iden-
tity of microbes that are active decomposers may shed light
on the mechanistic underpinning of the CUE response ob-
served here. Importantly, these differences in CUE across
treatments also appeared to impact the response of the soils
to large, simulated rainfall events. Regardless of treatment,
rewetting the soils to water-holding capacity led to a large
reduction in CUE (Fig. 4). While not statistically significant,
there was a clear trend of greater CUE declines in the treat-
ment soils, particularly the D soils. This trend suggests that,
when large rainfall events occur in disturbed soils, a decrease
in microbial CUE could potentially lead to a stronger Birch
effect and enhance the soil C loss (Schimel, 2018). In sup-
port, we found that rewetting the soils also led to the glucose
addition driving greater priming of soil carbon losses, a result
that was particularly pronounced for the D soils (Fig. S13).
By contrast, the glucose addition in soils that were held under
field soil moisture conditions led to the net mineralization of
soil C by the microbial community. Collectively, our soil in-
cubation results highlight a critical need for more research on
the potential for global change to lead to shifts in microbial
community composition and traits in TDFs.

4.2 Conclusions

Our results highlight that forest productivity is sensitive to
soil fertility and that this might interact with changes in soil
moisture. However, despite adding both macronutrients and
micronutrients, our results confirm that the short-term re-
sponses of tropical dry forest trees to fertilization treatments
are modest at best, contrary to the observed strong responses
in nutrient-depleted eastern Amazon forests (Cunha et al.,
2022). At the same time, the nodulation data indicate that
there might be a tight coupling between nutrient availabil-
ity and water availability in this system. Studying the role of
soil moisture in plant nutrient acquisition dynamics remains
a largely unexplored avenue in TDF ecology. Considering the
observed patterns, a total throughfall exclusion will be nec-
essary to cause soil moisture to decrease by more than 15 %,
and manipulations of the atmospheric water demand (e.g.,
vapor pressure deficit) could help to improve our understand-
ing of drought in tropical forests. Moreover, little is known
about how these belowground processes interact with micro-
bial community dynamics, such as CUE, also affected by nu-
trient additions or reductions in soil moisture. Beyond these
processes, disentangling the causes and consequences of col-
imitation by water and nutrients in productivity could help
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to elucidate how future climatic conditions will affect carbon
cycling in the TDF.

Code and data availability. The data that support the findings pre-
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