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Abstract

Long-term climate and vegetation data were used to determine the role of rainfall variability and
its seasonal distribution on litterfall nutrients. Based on a 20-year data set on rainfall (range
334–1,506 mm per year) and litterfall nutrients from old-growth tropical dry forest (TDF) in
Mexico, we examined litterfall N and P concentrations from the rainy and dry seasons in
response to rainfall in the rainy (June–October) and the dry (November–May) seasons, the
latter referred to as out-of-season precipitation (OSP). Rainy-season litterfall N concentrations,
but not P concentrations nor N:P ratios, changed positively (p< 0.001) in response to rainy-
season precipitation. Dry-season litterfall N concentrations and N:P ratios, but not litterfall P,
increased (p≤ 0.02) in response to rainfall from the preceding rainy season. N:P ratios of dry-
season litterfall in years with OSP were higher only during dry years and N concentrations
decreased in wet years (p< 0.05). The narrow range in dry-season litterfall P concentrations
(1.00–1.15 mg g-1), irrespective of rainfall amount and OSP, suggests P conservation. The
variation in litterfall N, but not litterfall P, in response to rainfall variability reveals a divergent
nutrient response along steep changes in water availability in this TDF.

Introduction

Nutrients in forest litterfall have been linked to patterns of nutrient use at regional and global
scales (Vitousek 1982, 1984; McGroddy et al. 2004; Parsons et al. 2014), and changes in foliar
and litterfall nutrient concentrations and ratios have been related to climatic drivers such as air
temperature and rainfall (Austin & Vitousek 1998; Reich & Oleksyn 2004; Santiago et al. 2005;
Wright et al. 2005; Townsend et al. 2007; Yuan &Chen 2009; Sardans et al. 2011; Luo et al. 2015;
Yue et al. 2017). These studies have mostly used climatic gradients, several focusing on widely
distributed plant species and considering mean annual precipitation as the climatic driver. A
different approach, to avoid confounding factors, such as changes in plant species composition
or soil conditions, may be useful to improve our understanding of the role of rainfall variability
and its seasonal distribution on leaf or litterfall nutrients. This involves long-term climate and
vegetation data from the same forest site, as well as a perspective that goes beyond mean annual
rainfall metrics (Schwartz et al. 2020). These studies however are scant. Cusser et al. (2021)
examined the contribution of long-term data in the understanding of ecosystem properties and
processes. They concluded that data collected during at least 10 years were needed to properly
evaluate processes over a range of climatic extremes or changes that are slow to develop.
Furthermore, they hypothesised that biogeochemical processes may take even longer (> 20
years) to show agreement in the direction of significant trends. Several studies have
acknowledged the relevance of long-term (> 10 years) ecosystem-scale studies for the
understanding of plant stoichiometry (Sardans et al. 2012) and the impact of annual rainfall
variability on nutrient cycling (Wood et al. 2005). The seasonal distribution of rainfall and its
changes among years have also been considered key for the understanding and modelling of
ecological processes and of the effects of climate change (Feng et al. 2013; White &
Hastings 2020).

The understanding of nutrient responses in forest leaves and litterfall to changes in
precipitation may be especially relevant, given that dry-season precipitation rates have changed
globally in recent decades (Murray-Tortarolo et al. 2017), that global change models predict an
increasing frequency and magnitude of climatic extreme events as part of the intensification of
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the global hydrological cycle (Ciais et al. 2013; Wu et al. 2013;
Knapp et al. 2015; Allen et al. 2017), and that decreasing rainfall
has been projected in the tropical dry forest (TDF) distribution
region (Esperón-Rodríguez et al. 2019; Jaramillo & Murray-
Tortarolo 2019; Xu et al. 2019).

In water-limited ecosystems such as TDF, the typical seasonal
distribution of rainfall defines periods of resource abundance and
scarcity. Since rainfall varies greatly, both seasonally and annually
(Murphy & Lugo 1986; Miles et al. 2006; Maass & Burgos 2011;
Maass et al. 2018), it allows exploring the effects of extreme
variation in water availability on forest nutrients and stoichiom-
etry. Our long-term ecosystem research project conducted over the
last 40 years in a well-preserved old-growth TDF in Chamela,
western Mexico, has shown high inter- and intra-annual rainfall
variability, a well-defined onset of the rainy season, but an
extremely variable dry-season length (Maass et al. 2018). These
variations strongly influence the seasonality pattern of litter
production (Martínez-Yrízar et al. 2018) and organic matter
decomposition (Anaya et al. 2012). We have also documented how
changes in seasonal and interannual water availability affect a
variety of soil and plant biogeochemical processes, especially the
response of soil and plant N and P (García-Méndez et al. 1991;
Jaramillo & Sanford 1995; Campo et al. 1998; Rentería et al. 2005;
Anaya et al. 2007, 2012; Murray-Tortarolo 2011; Rentería &
Jaramillo 2011). Most of these studies, however, have analysed
short-term (≤ 3 years) processes or responses.

Here, we examine litterfall N and P concentrations and their
stoichiometry at the forest scale in response to the seasonal
distribution of rainfall based on a 20-year data set from our long-
term research. We performed this study in the context of a natural
experiment (sensu Diamond 1983), which allowed examination of
conditions that cannot otherwise be created through experimental
manipulation. We tackled three questions: 1) Do rainy-season
litterfall N and P concentrations and their stoichiometry change
under different levels of rainy-season precipitation? 2) Do dry-
season litterfall N and P concentrations and their stoichiometry
change in response to variation in the preceding rainy-season
precipitation? 3) How do litterfall N and P concentrations from the
dry season and their stoichiometry respond to out-of-season
precipitation (OSP)?

Our first question addresses the integrated process by which
nutrient uptake during leaf production and cycling in litterfall,
due to senescence or storm and herbivore damage (Bullock &
Solís–Magallanes 1990), respond to changes in water availability
during the rainy season (June–October), which concentrates on
average 89% of the long-term annual precipitation (Maass et al.
2018). Our second question explores the degree to which dry-
season litterfall nutrient concentrations, indicative of nutrient
resorption and conservation, vary as a result of changes in the
rainy-season precipitation amount in years without OSP inputs.
Finally, our third question addresses the extent to which unusual
rainfall events during months normally considered part of the dry
season (November–May; Maass et al. 2018) affect litterfall
nutrients. Litterfall pattern in the Chamela TDF is markedly
seasonal, with a maximum during the dry season. However, in
years with unusual rains (i.e., years with OSP) the amount of dry-
season litterfall at the end of the phenological year (March–June)
represents a larger fraction of annual production than in years
without OSP and similar annual rainfall (Supplementary
Figure 1). Yet, the extent to which OSP may also affect nutrient
cycling in litterfall is unknown.

Materials and methods

Study area and field design

The study was conducted at the long-term ecological research site
of the Chamela-Cuixmala Biosphere Reserve (hereafter,
Chamela), on the Pacific coast of Mexico (19°29’N; 105°03’W).
The landscape is dominated by low hills (< 300 m elevation) with
steep slopes (21° to 41°) (Cotler et al. 2002). Average annual
temperature is 25.6°C ± 3.4°C (SD; 1980–2015). Monthly mean
minimum and maximum temperatures are 16.4°C (March) and
32.6°C (August), respectively. Mean annual rainfall (January–
December) is 800 ± 266 SD mm (1983–2018), highly seasonal,
with 89% falling between June and October, and September
(mean of 212 mm) as the wettest month on average (all data from
the Chamela, IBUNAM, and the “Watershed Project”, UNAM,
meteorological stations; see also Maass et al. 2018). The onset
of rains in June triggers the growing season in the Chamela TDF.
In contrast to the small variation in mean annual temperature,
annual rainfall is highly variable from year to year
(Supplementary Figure 2). Only 7% of rainfall events are
> 50 mm, but these events, associated with hurricane activity,
deliver 42% of the total precipitation (Maass & Burgos 2011).
Soils are young, shallow (0.5–1 m depth), predominantly sandy
loams, and classified as Typic Ustorthents (USDA system). Soil
total N varies between 0.14 and 0.18% and soil PO4- between 9.1
and 18.2 ppm (Mehlich II extractant) in the long-term
monitoring forest plots (Solís-Villalpando 1993). Soil water
content is strongly correlated with monthly rainfall (Galicia et al.
1999). Total N mean concentration in bulk deposition in a year
with average rainfall is 1.40 mg L-1 and mean nitrate is 0.08 mg L-1

(Jaramillo unpubl. data). Significant sources of reactive atmos-
pheric N from industries or major agricultural areas are far from
our research site.

The dominant vegetation is a highly diverse old-growth TDF
(1,149 species of vascular plants), with trees 4–15 m tall and a well-
developed understory (Lott & Atkinson 2002). Most species are
deciduous and remain leafless during the dry season each year
(Bullock & Solís–Magallanes 1990; Martínez-Yrízar et al. 2018).
Annual litter production varies between 332 ± 27 and 654 ± 18 g
m-2 (mean and 1SE; Supplementary Figure 2). Monthly litterfall
ranges from a minimum of 24.9 ± 1.7 (August) to a maximum of
52.0 ± 3.7 g m-2 (December; mean ± 1SE; period 1987–2014).
However, the month of maximum litterfall in the dry season varies
in response to changes in the seasonal distribution of rainfall
among years (Martínez-Yrízar unpubl. data).

Five small contiguous watersheds (12–28 ha each) have been
gauged for long-term ecological research since 1981 in Chamela
(Sarukhán & Maass 1990; Martínez-Yrízar et al. 2018). One
2,400−m2 permanent plot (80 × 30 m) was established at the
middle position in each watershed, with its long axis perpendicular
to the stream channel, covering both slopes (generally North- and
South-facing slopes). Thus, each slope includes a 1,200 m2

(40 × 30 m) sub-plot, divided into 10 × 10 m quadrats.
Since 1982, litterfall has been collected monthly using 50−cm

diameter, 1−m tall conical fibreglass mesh traps (1.4 mm mesh
size). Twenty-four litter traps were set up per plot, 12 traps (one per
quadrat) on each slope. For this study, we used litterfall samples
collected between July 1987 and June 2014 from which a 20-year
complete nutrient (N and P) data set was available covering four
different decades (1987–1989; 1996–2010; 2013 and 2014;
Supplementary Table 1). Due to the occurrence of a category 2
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hurricane (Jova) in 2011 which caused significant disturbance to
the forest (Álvarez-Yépiz et al. 2018), this and the following year
(2012) were excluded from the analyses. However, two additional
post-Jova years (2013 and 2014) were included since canopy cover
had fully recovered by 2013 (Parker et al. 2018). The annual
litterfall data correspond to “phenological years”, each starting in
July (month of complete leaf production) to June (end of complete
leaf-fall) of the following year (Martínez-Yrízar et al. 2018).

Rainfall data and sample chemical analyses

The annual rainfall data correspond to “hydrological years”, each
starting in June (onset of the rainy season) and finishing in May of
the following year (end of the dry season; Maass et al. 2018). The
period considered for this study included the wettest (1,506 mm in
2014) and the driest (334 mm in 2005; Supplementary Table 1)
years recorded in the Chamela region in our 40-year record (Maass
et al. 2018; Maass & Ahedo unpubl. data). To address each of our
research questions, we used three different data subsets
(Supplementary Table 1). For question 1, we used rainfall and
litterfall data only from the rainy season of each year (n= 20 years).
To answer question 2, we considered only those years in
which > 98% of rainfall occurred during the rainy season (n= 9
years) so that the changes in nutrient concentrations in dry-season
litterfall (November–June) could be attributed only to the growing-
season rainfall. Finally, to address question 3, a subset of 12 years
was used fulfilling the following criteria: First, together they
represented a precipitation range from wet to dry. Second, they
could be grouped according to three levels of total annual rainfall:
wet, average, and dry years, defined as follows. “Wet years” had
annual precipitation >30% on average (range 950–1131 mm, n= 4
years) than the long-term mean of 795 mm. “Average years” had
annual precipitation< 10% above on average (range 808–888 mm,
n= 4 years) the long-term mean, and “dry years” had annual
precipitation >34% below on average (range 492–561 mm; n= 4
years) the long-term mean. Third, within each year type (i.e., wet,
average, and dry), two years registered > 98% of the annual rainfall
in the rainy season (June–October) and two registered significant
rainfall (9.3–37.4% of the total) in the dry season (November–
May). Thus, we attempted to control the total amount of rainfall
within each year type to test for the effect of OSP on litterfall
nutrients.

The number of litterfall samples for N and P determinations, a
total of 24 per plot per month, was reduced to six compound
samples per plot by pooling material of four adjacent litter traps. In
turn, the monthly litterfall samples were pooled by 4-month
periods in each phenological year: the rainfall period (July–
October), when the canopy is fully green, the transition period
(November–February), when most of the leaves drop, and the dry
period (March–June) when the forest becomes leafless. Thus, N
and P concentrations were determined in 18 composite litterfall
samples per plot per year (6 samples per plot and period × 3
periods), in each of the five watersheds. Litterfall samples, which
included leaves, twigs, flowers, and fruits, were ground in a mill to
pass a 40-mesh screen. Total N and P concentrations (mg g-1) were
determined colorimetrically with an autoanalyser after acid
digestion by a semi-Kjeldahl method (Bran-Luebbe Auto
Analyser III, Norderstedt, Germany; method No. 696-82W;
Technicon Industrial Systems 1977). Total P was determined by
the molybdate method after ascorbic acid reduction (Murphy &
Riley 1962). Litterfall N:P ratios were calculated on a mass basis.

Statistical analyses

Litterfall nutrient concentrations were averaged for each period
(rainy, transition, and dry) using the five plots as replicates for
statistical analyses. To address questions 2 and 3, nutrient
concentrations were averaged over the transition and dry periods,
hereafter referred to as “dry-season” concentrations. We employed
two statistical approaches to analyse the data. To evaluate the
impact of rainy-season precipitation on nutrient concentrations
and ratios in forest litterfall from the rainy and dry seasons
(questions 1 and 2), we used non-parametric Kendall correlation
tests on the rainfall and nutrient variables. This was to account for
the lack of temporal independence of the samples. To assess the
effect of OSP (OSP) on dry-season nutrients and ratios (question
3), we used a bootstrap analysis (i.e., random sampling with
replacement method) in which the randomly sampled values of a
given season with OSP (e.g., litterfall N, P, or N:P ratio) were
subtracted from the values of a season without OSP and divided by
the mean value of the season without OSP. We then calculated the
mean of the difference, which is the effect size. The procedure was
applied to the three year-types independently (dry, average, and
wet) and was replicated 1,000 times for each variable (i.e., N and P
concentrations and N:P ratios); the sampling size was 20 (2 years
with OSPþ 2 years without OSP × 5 replicate plots) for each year
type (wet, average, and dry). The logic behind our approach was
that if nutrient concentrations or ratios were not different in years
with and without OSP when randomly subtracted from each other,
the resulting distribution should not be different from zero inmore
than 5% of the cases (Ho). In contrast, a detectable effect of OSP
should lead to positive or negative differences and differ from zero
in more than 95% of the cases (Ha). The results are presented as
boxplots (Supplementary Figure 3). If the whiskers do not touch
the zero line, the effect is statistically significant (p< 0.05) for that
variable. All statistical tests were performed with R (R Core Team,
2016). Data are shown in the original scale of measurement.

Results

The relationship between both rainy-season rainfall and litterfall N
concentrations was positive and statistically significant (p< 0.01;
Figure 1a). In contrast, neither litterfall P concentrations nor N:P
ratios from the period July–October changed predictably in
response to total rainy-season rainfall (Figure 1b, c). Dry-season
litterfall N concentrations and N:P ratios both increased with the
previous rainy-season rainfall (p < 0.01 and p< 0.01, respectively;
Figure 2a, c). In contrast, dry-season P concentrations in litterfall
did not change in response to rainy-season rainfall (Figure 2b).

The OSP effect on nutrient concentrations and ratios in dry-
season litterfall varied as a function of total annual rainfall and was
significant in only two cases. In wet years, OSP significantly
reduced N concentrations (p < 0.05) (Figure 3a). In dry years, OSP
significantly increased litterfall N:P ratios (p< 0.05; Figure 3c). In
average rainfall years, OSP had no significant effect (p> 0.05) on
litterfall nutrient concentrations or N:P ratios. P concentrations in
litterfall were not affected by OSP, irrespective of total annual
rainfall (Figure 3b).

Discussion

Our study assessed, over a total of 20 years during a 40-year period,
the response of nutrient concentrations (N and P) in forest litterfall
to changes in the amount and seasonal distribution of rainfall, an
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indirect measure of soil water availability in the Chamela TDF
(Galicia et al. 1999). We partitioned the forest response
considering three different conditions, each related to one of our
main research questions: a) the rainy growing season, b) the dry
season in years with no OSP, and c) the dry season in years with
OSP. These are sequentially discussed below.

Response of rainy-season litterfall nutrients to rainy-season
rainfall variation

Our results indicated that litterfall N concentrations, but not
litterfall P nor the N:P ratio, responded positively to increasing
levels of water availability (i.e., rainfall amount). This pattern
suggests that as plant N uptake proceeded during the growing
season due to leaf growth and expansion, moreNwas circulated via
litterfall as water availability increased with higher rainfall. Several
N transformation processes may be involved in such a response.
Anaya et al. (2007) found that after the extended dry season,
inorganic N and water-soluble organic N accumulate in litter and
soil in the Chamela TDF. Also, when dry soil is wetted at the onset
of the rainy season short-lived, small N losses (N2O and NO) and
rapid microbial mineralisation occur in both standing litter and
soil (García-Méndez et al. 1991; Davidson et al. 1993; González-
Ruiz 1997). Additionally, during the rainy season, net N
mineralisation, nitrate concentrations, and net nitrification
increase in litter and soil, while soil N immobilisation decreases,

and soluble N is leached progressively to the soil (Anaya et al. 2007;
Montaño et al. 2007). Furthermore, our long-term data have
shown a significant positive correlation between rainy-season
rainfall, specifically rainfall events ≥10 mm, and organic matter
decomposition rate in the Chamela TDF (Anaya et al. 2012).
Another important N source during the rainy season is likely
related to symbiotic N fixation from the high number of N-fixing
legume species abundant in this forest (Durán et al. 2002; Lott &
Atkinson 2002). Nodule abundance and activity are positively
linked to soil water content during the rainy season (González-
Ruiz et al. 2008). Thus, the evidence suggests an available soil N
pool for plant uptake and cycling with increased rainfall during the
growing season and supports the finding that species apparently
share coherent strategies to cope with changes in the abundance of
N forms in their environment in response to changes in rainfall
(Houlton et al. 2007).

The lack of a positive response in rainy-season litterfall P
concentrations to greater water availability suggests that plant P
uptake occurs mostly as a pulse after the onset of rains, when
organic and inorganic soil P, accumulated during the dry season,
are released (Singh et al. 1989; Lodge et al. 1994). In the Chamela
TDF, soluble and microbial P showed high concentrations in litter
and soil at the end of the dry season, and their experimental wetting
with the equivalent of a significant rainfall event (e.g., 30 mm),

Figure 1. Rainy-season rainfall (June–October) and growing-season (July–October)
litterfall N concentrations (a), P concentrations (b), and N:P ratios (c) in the tropical dry
forest at Chamela, Jalisco, Mexico. Each value represents the mean of five permanent
plots and one standard error. Significant p-value for the regression model is shown;
n = 20 years.

Figure 2. Rainy-season rainfall (June–October) and dry-season (November–June)
litterfall N concentrations (a), P concentrations (b), and N:P ratios (c) in the tropical dry
forest at Chamela, Jalisco, Mexico. Each value represents the mean of five permanent
plots and one standard error; significant p-values for the regressionmodels are shown.
These models included data from years in which over 98% of annual rainfall occurred
only during the rainy season; thus, n= 9 years and differs from Figure 1.
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released P from both pools representing up to 83% of the annual
aboveground P return from vegetation to the soil (Campo et al.
1998). In contrast, soluble P pools in rainy-season litter and soil are
quite low and rainfall apparently promotes P immobilisation
(Campo et al. 1998). Moreover, other studies in this TDF have
shown that labile soil P (inorganic and organic) does not change
predictably during the growing season (Montaño 2008) and that
repeated experimental soil wetting and drying do not significantly
change soil inorganic P concentrations (González-Ruiz 1997).
Altogether, these results may explain why litterfall P concen-
trations did not respond to variation in rainy-season rainfall over
the 20-year study period.

Response of dry-season litterfall nutrients to rainy-season
rainfall variation

Nutrient concentrations in dry-season litterfall during years with
no OSP convey how nutrients are recycled or conserved in
response to rainy-season rainfall. Similar to the N concentrations
in the growing season litterfall, dry-season litterfall N increased
with higher rainy-season rainfall, likely due to reduced N
resorption in response to greater N availability (see above). In
contrast, the lack of a response in litterfall P concentrations to
higher rainy-season rainfall suggests P is conserved despite
substantial interannual variation in water availability. Also, the
changing N:P ratios suggest stoichiometric flexibility driven by N
cycling, with increasing ratios from dry to wetter years. These
results contrast with those derived from inter-site comparisons
documenting decreased N:P ratios with higher precipitation (Yuan
& Chen 2015). The changes in litter N:P ratios should represent a

critical factor in determining the relative importance of different
microbial decomposers, as well as the patterns of surface litter
decomposition and associated nutrient dynamics (Wood et al.
2005; Güsewell & Gessner 2009) during the dry season.

Response of dry-season litterfall nutrients to OSP

Our analysis revealed that OSP affected N concentrations in
litterfall under two conditions. The higher N:P ratios in dry years
with OSP were consistent with the increasing N:P ratios in dry-
season litterfall in response to rainy-season rainfall, likely due to
increased N uptake with greater water availability. In contrast, the
lower N concentrations with OSP during wet years suggest that
increasing N mineralisation rates and thus litterfall N concen-
trations from dry to wet years reached a limit, after which higher
rainfall with OSP resulted in N losses through leaching from litter.
We propose this may represent a threshold to litterfall N
concentrations in the Chamela TDF in years without natural
disturbances (i.e., hurricanes). The general absence of OSP effects
on dry-season litterfall nutrients also suggests that the second leaf
flushing of many species and the forest productivity increase in
response to OSP, and the species investment in reproduction while
leafless (Bullock & Solís–Magallanes 1990; Martínez-Yrízar
unpubl. data) depend on plant nutrients acquired during the
growing season and conserved in the dry season.

In this context, we suggest that the small variation in dry-season
litterfall P concentrations, mostly between 1.00 and 1.15 mg/g,
irrespective of rainfall amount and seasonality (i.e., years with and
without OSP), is indicative of forest P conservation. This is
consistent with results from nutrient input–output budgets in the

Figure 3. Litterfall N (a) and P (b) concentrations and N:P ratios (c) in dry (492–561 mm), average (808–888 mm), and wet (950-1131 mm) years, with and without out-of-season
precipitation (OSP) in the tropical dry forest at Chamela, Jalisco, Mexico; n = 10 permanent plots in each case. Asterisks indicate a significant (p< 0.05) difference in nutrient
concentrations or N:P ratios between years with and without OSP after bootstrap analyses. OSP= rainfall between November andMay. See Supplementary Table 1 for the specific
years, with their corresponding rainfall values, included in this figure.
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same studied watersheds of the Chamela TDF showing a positive
balance for dissolved inorganic P and insignificant particulate P
losses in a 6-year study (Campo et al. 2001), thus denoting P
retention and biological control of P cycling in the forest. Also,
estimates of nutrient residence times at other TDF sites in Chamela
(Jaramillo & Sanford 1995) or for several years at the long-term
watershed plots (Jaramillo et al. 2018) confirmed the prevalence of
P uptake, and thus plant regulation over immobilisation in the
Chamela TDF. Plant regulation and conservation are especially
relevant for forest P cycling when abundant runoff and high P
losses occur associated with extreme storm events such as
hurricanes (Jaramillo et al. 2018). Moreover, this suggests that
maintenance of forest structure and composition are key for
sustainable forest management and conservation.

Our results, from a long-term study at the same forest site, free
from potentially confounding factors such as differences in species
composition or soils when using climatic gradients, are not
consistent with those from other studies. For example, when
changes in litterfall nutrients in response to rainfall in tropical
forests have been studied along climatic gradients, leaf litter N
generally increased, but litter P generally decreased in sites with
higher precipitation (Santiago et al. 2005). In other cases, short-
term results have shown that current rainfall increased leaf litter P
concentrations but had no effect on N concentrations (Wood
et al. 2005).

In conclusion, our study showed litterfall N variation, but P
conservation, along steep changes in TDF water availability. Our
approach, explicitly incorporating rainfall seasonality in the
analysis, allowed establishing that OSP is not a major driver of
dry-season nutrient concentrations in forest litterfall, stressing the
relevance of nutrient resorption and re-mobilisation as biogeo-
chemical controls of forest functioning in the Chamela TDF.
Finally, our study also suggests that N more than P cycling would
change in response to either an increased frequency of drought
events (Xu et al. 2019) or to potential shifts in annual precipitation
and/or seasonal droughts in the dry forest of the Chamela-
Cuixmala Biosphere Reserve (Esperón-Rodríguez et al. 2019)
under scenarios of climate change.
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Sardans J, Rivas-Ubach A and Peñuelas J (2011) Factors affecting nutrient
concentration and stoichiometry of forest trees in Catalonia (NE Spain).
Forest Ecology and Management 262, 2024–2034. https://doi.org/10.1016/j.
foreco.2011.08.019
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