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Abstract: Climate is an important driver of litterfall along different ecosystems. However, little is known 
about how climate affects litter production in plant communities of Restinga. The aim of this study is to 
characterize the temporal variation in leaf litter production in an Open Clusia Formation in Restinga de 
Jurubatiba National Park, from 2001 to 2018, and assess how local variability in litter production reflects the 
local climatic conditions and its variability. We tested the hypothesis that monthly leaf litterfall increases in 
dry months and in drier and warmer than average months; we also evaluated if annual leaf litterfall increases 
in wetter and warmer years following leaf production patterns, that increases in these conditions. We found 
that litterfall peaks in the drier months. This pattern is consistent for many tropical ecosystems, even evergreen 
ecosystems, and may have evolved as a strategy that result in reduced water stress by plants, during drier 
and warmer periods, or may simply be a stress symptom. However, we also found that decreases in monthly 
rainfall and increases in monthly ∆Temperature (temperature observed minus estimated based on 1970-
2000 interval) stimulate leaf litter production. Hot and warmer than average years also seem to stimulate leaf 
litterfall. It suggests that annual leaf litterfall and leaf production are less affected by precipitation regimes 
than variations in temperature (or radiation, which is directly related to temperature). It may result from the 
fact that Clusia hilariana, the dominant species in this ecosystem which accounts to 80 % of leaf litterfall, is a 
CAM photosynthesis species, a characteristic commonly associated with avoidance of water stress by plants. 
Although leaf litterfall seems to be predominantly driven by climate at annual scale, only 15 % of its variation 
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was associated to climate at seasonal scale, suggesting that local factors control litterfall at lower temporal 
scales in Open Clusia Formation. 

Keywords: Climatic variability; coastal sand dune vegetation; litter production; open Clusia formation.

physiological responses (Nepstad et al. 2002). So, 
either low water availability or a lack of rain along 
with temperature increases could limit tree growth 
and promote litterfall peaks (Lawrence 2005). Solar 
radiance also affects litterfall, and seasonal changes 
in daily insolation leads to production of new leaves 
and synchronous abscission of old ones (Chave et 
al. 2010 Wagner et al. 2016, Wright & Cornejo 1990, 
Zhang et al. 2014). Solar radiance is directly linked 
to temperature, an easily measurable variable and 
much more common explored in the literature. So, 
either low water availability or a lack of rain along 
with temperature increases could limit tree growth 
and promote litterfall peaks (Wagner et al. 2016, 
Wagner et al. 2012). This seems critical to South 
American ecosystems, for which long-term climate 
change scenarios predict increases in temperature 
and drought frequency and magnitude (Duffy et al. 
2015, Fu et al. 2013). So, changes in climatic factors 
that affect the water and temperature balance may 
have considerable effects on the environmental 
quality and ecosystems functioning and severely 
affect tropical forests (Villela et al. 2012).

It should be noted that some ecosystems may 
be more sensitive to climate change, such as 
coastal sand dune vegetation known as restingas, 
particularly because it grows on sandy well-drained 
soils, subject to recurrent droughts and high 
temperature conditions (Hay & Lacerda, 1984). 
Restinga vegetation also produces a low quality 
litter (Villela et al. 2020), with low decomposition 
rates and, consequently, low nutrient availability 
for plant consumption (Brito et al 2018, Moraes 
et al. 1999, Rosado & de Mattos 2010). So, plant 
community composition in these systems may be 
regulated by nutrients and water use efficiency, 
mainly during the dry season (Rosado & de Mattos 
2007, 2010). The few species achieving high leaf 
water potentials, strong stomatal control and 
deep roots to access humid regions in the soil 
profile may become more abundant (Rosado & de 
Mattos 2010), which explains the strong oligarchic 
structure in open restinga vegetation dominated by 
Clusia hilariana and other few species (Pimentel et 
al. 2007, Scarano, 2002).

INTRODUCTION

On forests worldwide, litterfall is the main via of 
nutrient transfer from plants to the soil since about 
90 % of net primary production are not consumed 
by herbivores and are converged to soil as litter 
(Cebrian 1999). The deposition of litter to the soil 
plays an important role in the dynamics of natural 
ecosystems once it affects nutrient cycling rates, 
respiration and organic matter incorporation 
in the soil, water retention and maintenance of 
soil integrity and temperature conditions (Chen 
et al. 2017, DeForest et al. 2009, Hobbie 2015), 
ultimately affecting its biodiversity (Sayer 2006). 
Therefore, quantifying litterfall pools is essential to 
understand the structure and function of tropical 
forests (Vitousek 1984).

Leaves represent the most important plant 
component for litter, being the largest source of 
soil organic matter, both in tropical (Barnes et al. 
1998, Chave et al. 2010) and in most of the world’s 
ecosystems (Berg & Laskowski 2005, Zhang et al. 
2014). Leaves are also the largest component of net 
primary production (NPP) in tropical forests, what 
makes litterfall a good proxy for NPP estimates 
(Clark et al. 2001, Malhi et al. 2011). Leaf production 
and abscission are sensitive to exogenous intra-
and inter-annual variability in climate (Chave et 
al. 2010, Wagner et al. 2016). As a result, litterfall 
dynamic are highly seasonal and its contribution 
to soil organic matter changes considerably within 
and between years in tropical forests (Chave et al. 
2010, Wagner et al. 2016). So, litterfall production 
provides important information about the 
phenological cycles of plants and their influence 
on the return of nutrients to the soil (Proctor et al. 
1983).

Understanding how variations in climate affect 
or regulate the temporal patterns in litterfall is 
an important step to predict resource availability 
in soil and the magnitude in plant productivity 
cycles. In tropical forests, when rainfall is smaller 
than evapotranspiration, soil moisture is depleted, 
increasing tensions in the xylem sap that can 
eventually trigger stomatal closure and other 
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However, the effect of precipitation and 
temperature variability (deficits or excess) in plant 
components production and abscission is still not 
understood and rarely explored in these systems 
(Marques & Oliveira 2004, Rodarte 2008, Talora 
& Morellato 2000). Seasonal variations in climate 
may influence restinga productivity pattern, such 
that biomass production tends to be higher in 
wetter and warmer seasons, when plants produce 
more branches and leaves in general (Wagner et 
al. 2016, Wagner et al. 2012). Afterwards, in the dry 
season, a greater amount of leaves may be lost. 
Then, the production of leaf litterfall may be higher 
as more intense is the dry season. This variability 
may also have repercussions on plant community 
equilibrium, abiotic conditions and landscape 
dynamics such as fire incidence, affecting 
important environmental services to coastal 
inhabitants. Part of the difficulty in understanding 
the importance of these phenomena is due to the 
small time scale of most of the studies and, mainly, 
the lack of integrated approaches to evaluate these 
cyclical processes.

This work consists of a first effort to synthesize 
a series of data regarding the variations in 
litterfall in an Open Clusia Formation, a common 
vegetation in restinga ecosystems in Southeast 
Brazil, over a time lapse of 18 years, relying on 
multiple re-surveys of leaf litterfall. Here we aim to 
characterize the temporal variation in leaf litterfall 
in this ecosystem and assess how local variability 
in litter production reflects the local climatic 
conditions and its variability. We hypothesize that: 
1) leaf litterfall increases in the dry months; 2) 
monthly leaf litterfall is associated to precipitation 
and temperature variability, being positively 
associated with precipitation deficits and extreme 
temperatures. Once leaf litterfall is a proxy of 
leaf production, we also evaluated if leaf litterfall 
increases in wet and warm years. 
 

MATERIAL AND METHODS

Study Area
We concentrated efforts on the evaluation of leaf 
litterfall (hereafter, litterfall) trends in an Open 
Clusia Formation, in the Restinga de Jurubatiba 
National Park (22°00’ - 22°23’S; 41°15’- 41°45’N). 
This is the most common physiognomy in the area, 
covering up to 32 % of the ca. 14,000 ha of this park 

(Caris et al. 2013, Oliveira-Galvão et al. 1990). This 
type of vegetation is common in the sandy chords 
that interpose the arms and canals of coastal 
lagoons. Open Clusia Formation is dominated by 
shrubs and tree species organized in hemispheric 
vegetation islands surrounded by a sandy matrix, 
sparsely distributed and whose size varies from less 
than 1 to greater than 1,000 square meters (Araujo 
& Henriques 1984). 

The mean annual rainfall in PNRJ varies 
between 1,100 to 1,250 mm (Alvares et al. 2013), 
being mostly concentrated between November 
and January, while precipitation deficits occur from 
June to August. The mean annual temperature 
varies between 21.3 to 22.4 °C, with small 
oscillations between the minimum and maximum 
temperatures, but January to March tends to be 
slightly hotter and June to August slightly colder 
than the average values. It is characterized as an Aw 
climate type (Tropical with dry winters) according 
to Köppen classification (Alvares et al. 2013).

The dominant species in this physiognomy is 
Clusia hilariana Schltdl. (Clusiaceae) (Pimentel et 
al. 2007), a CAM photosynthesis species (Franco 
et al. 1996) that has the highest importance value 
(defined as the sum of the relative frequency, 
density and basal area) and that nucleates most of 
the vegetation islands in the area (Dias & Scarano 
2007, Pimentel 2002). It is a physiognomy with a 
typically oligarchic structure (Dias & Scarano 2007, 
Monteiro et al. 2014), in which only 6 of the 62 tree 
species accounts for about half of the importance 
value of the vegetation; however, it shows a high 
diversity (Dias & Scarano 2007, Pimentel 2002). 
For this study, a representative area of Open Clusia 
Formation was selected for the evaluation of the 
objectives presented above (Figure 1). 

Data sampling
In the study site, litterfall was monitored in clumps 
dominated by Clusia hilariana at three distinct 
time intervals: from October-2001 to October-2008, 
from May-2012 to April-2014 and from April-2016 
to April-2018. Litterfall was sampled using litterfall 
traps (Rapp et al. 1999). But distinct approaches 
were considered on each of these sampling intervals, 
varying the number and size of litterfall traps and 
the sampling frequency. On the first interval, 12 
clumps were monitored with a frequency varying 
from bi-weekly to monthly, with 0.25 m2 litterfall 
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Figure 1. Study site in Restinga de Jurubatiba National Park, in Rio de Janeiro, 
Brazil. Open Clusia Formations are represented in white color within the square 
in Panel D, while grey color indicates other formations, mainly seasonally dry 
forest.
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traps; on the second interval, 15 clumps were 
monitored bi-weekly with 0.25 m2 litter-fall traps; in 
the last interval, 16 clumps were monitored with a 
frequency varying from bi-weekly to monthly, with 
0.135 m2 litterfall traps. 

Trap content was collected and taken to the 
laboratory, where leaves were separated from 
other constituent parts and oven-dried at 60 ºC 
until reaching a constant weight. Afterwards, 
they were weighed to the nearest 0.1 g. In order 
to standardize the sampling efforts and make the 
results comparable, we previously evaluated if the 
sampling (month of each period) achieved the 
minimum sample size necessary to accurately and 
precisely detect litterfall and its variation in the 
study area, according to Finotti et al. (2003). This 
was the case for all the months; then, we estimated 
the mean dry biomass (g.m-2) of litterfall per month, 
dividing the summed litter content by the total 
number of traps on each month. 

Data Analysis
To test the first hypothesis that litterfall increases 
in the dry months, a linear regression was used to 
evaluate the relation between monthly litterfall and 
precipitation. To address the second hypothesis, 
that litterfall are positively associated with 
precipitation deficits and extreme temperature, 
we analyzed the linear relationship between 
monthly litterfall to precipitation and temperature 
departure from  average values (Δ Precipitation 
and Δ Temperature), respectively. Δ Precipitation 
and Δ Temperature were estimated based on the 
difference between precipitation and temperature 
of a specific month and the average value of that 
respective month along the 1970 - 2000 intervals, 
respectively. By the way, monthly litterfall data was 
also related to monthly temperature. A Kolmogorov-
Smirnov’s test was used to test the normality 
of each variable, and whenever necessary, the 
variables were transformed to meet specific test 
assumptions. Data were interpreted as significant 
when p < 0.05. Climatic data was obtained from 
INMET, station 83698 - Campos dos Goytacazes.

We also evaluated if there were lagged 
correlations between monthly litterfall and climatic 
variables, by using a cross-correlation analysis (ccf 
function in R) to identify the optimum time lag - 
from zero to 12 months - in the litterfall response 
to each variable. Because the time series may be 

auto-correlated, what gives a misleading indication 
of the relationship between the variables (Wei & 
Davidson 1998), we included litterfall data lagged 
by 1 month as an independent variable and used 
ACF plots to check and ensure that autocorrelation 
was removed from these seasonal relationships 
(Rowland et al. 2018). In this analysis, only the 
time series of litterfall data from the first interval 
(October - 2001 to October - 2008) were considered 
once it is the larger and have regular consecutive 
data records. 

To test if litterfall increases in wet and warm 
years, we also used a linear regression to evaluate 
the relation between total annual litterfall and 
climatic variables (precipitation, temperature, Δ 
Precipitation and Δ Temperature), following the 
same criteria as described above. We estimated 
total annual litterfall by summing data from 
November of a specific year to October of the 
year after (12-month). So, basically, we estimated 
annual litterfall from the beginning of the warm 
and wet season (November) of one year to the cold 
and dry season of the following year (October). We 
also correlated monthly litterfall (from November 
of a specific year to October of the following year) 
between the years to evaluate temporal coherence 
between the same months along the years. For this 
analysis, we considered non-parametric Spearman 
rank correlation because some groups of years 
for all data sets didn’t meet the assumptions for 
parametric analysis.

Multiple linear regressions were carried out 
to investigate the relationship between monthly 
and annual litterfall based on precipitation, 
temperature, Δ Precipitation and Δ Temperature, 
considering full time series of available litterfall 
data. For monthly litterfall data, multiple regressions 
were done considering both real synchronicity 
and the lags in responses to climatic variables 
identified in the cross-correlation analysis, and the 
differences were discussed. A Stepwise Regression 
was used to select the models with the highest 
likelihood using the least number of variables that 
better explain the relationship between predictors 
(climatic variables) and litterfall, based on Akaike 
Information Criterion  (AIC). Multiple regressions 
were calculated considering the “lm” function 
and the selected models were chosen using the 
“stepAIC” function, that performs backward model 
selection, from the package ‘MASS’, available in R v. 
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3.5.2 (R Core Team 2018). For each selected model, 
the variance inflation factor (VIF) was estimated 
using the “vif” function from the package ‘car’. 
For monthly Total and Clusia litterfall data, all 
models presented VIF scores smaller than 2, 
what indicates that predictors are not redundant 
and therefore, should not be removed from the 
model. However, for annual litterfall data, only one 
variable was selected on the models, and VIF could 
not be calculated. All graphs were done using the 
GraphPad Prism 7.0 software for Windows. For a 
visual interpretation of climatic variability, 95 % 
confidence intervals were estimated for monthly 
data from the 1970 - 2000 intervals, and plotted on 
Δ Precipitation and Δ Temperature graphs.

RESULTS 

The study site experienced a considerable 
seasonality in rainfall and temperature, both 
increasing substantially during the wet season, 
which starts between November and December 
and finish between April and May (Figure 2a 
and 2c). Accumulated annual precipitation on 
the monitored period varied from 676 mm in 
2014 to 1,594 mm in 2008, with mean values of 
about 992 ± 332 mm (Figure 2a). This period can 
be considered wetter than average, once mean 
annual precipitation is a little bit larger than 
the average for 1970 – 2000 (955 mm), and some 
months presented consistent higher precipitation 
than average while it almost never dropped 97mm 
below the average (95 % CI; Figure 2b). Mean 
annual temperature varied from 24.01 ºC in 2004 
to 25.26 ºC in 2015, and mean values of 24.64 ± 
0.34 ºC (Figure 2c). The period we evaluated can 
be considered warmer than average, once mean 
annual temperature is higher than average for 
1970 – 2000 (24.00 ºC), and higher temperature 
than average was common along the period, while 
temperature never dropped 0.29ºC below the 
average (95 % CI), except for some winter months 
(Figure 2d).

In Clusia hilariana dominated clumps, litterfall 
seems to vary considerably along the more than 
12-years monitored (Figure 2e). In this period, the 
mean total litterfall was 27.3 ± 14.7 g.m-2, being 
Clusia hilariana leaves responsible for the largest 
contribution to litter layer: 18.5 ± 11.9 g.m-2 (about 
67.0 ± 15.7 % of total). Leaf production as litterfall 

varied between 2.50 (in October, 2004) and 94.68 
g.m-2.month-1 (in May, 2013). Mean annual litterfall 
corresponds to 328.5 ± 63.0 g.m-2. 

There was considerable seasonal variability in 
litterfall production, such that its peaks occurred 
generally during the dry season, mainly from May 
to October, except for a litterfall peak in March 2007 
(Figure 2e). But only a few significant correlations 
of total monthly litterfall between years were 
detected (Supplementary Material), indicating a 
low temporal coherence in litterfall dynamics and 
a considerable inter-annual variability.

The strong seasonality of leaf litterfall 
resulted in significant correlations with most 
of the meteorological drivers evaluated. The 
total monthly litterfall is negatively related to 
precipitation and Δ Precipitation, and positively 
correlated with Δ Temperature, but is not related 
to temperature (Figure 3). Cross-correlations 
indicated that a lag of 2 months increases the 
correlation between litterfall and Δ Temperature, 
but no lags were detected in response to the other 
climatic variables.

Monthly litterfall was better predicted by 
precipitation and Δ Temperature (Table 1). 
Precipitation came out as the best predictor of 
leaf litterfall, explaining 12 %, and Δ Temperature 
being the other major contributor, explaining 
4.6 %. Adjusted R² value was 0.15. So, 15 % of the 
variation in litterfall can be explained by the model, 
about 3 to 5 % more than the models containing 
individual climatic drivers. When stepwise 
multiple regression analysis was performed using 
lags identified in the cross-correlation analysis for 
climatic data, monthly litterfall were still better 
predicted by precipitation and Δ Temperature 
(Table 1), with only slightly changes in variables 
contribution to model explanation. 

Despite evidences of seasonal effects of water 
limitations on monthly litterfall, no significant 
relation was found between accumulated annual 
precipitation nor Δ annual precipitation and 
annual litterfall (Figure 4). However, there was 
a consistent increase in annual litterfall due to 
increases in mean annual temperature and Δ 
annual temperature (Figure 4). Stepwise multiple 
regression showed that Δ Temperature was the 
single best predictor of annual leaf litterfall (Table 
1).
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Figure 2. Climatic variables (a to d) and leaf litterfall (e) monthly 
variation from October-2001 to October-2008, from May-2012 to 
April-2014 and from April-2016 to April-2018. For a and c, the grey line 
indicates monthly accumulated precipitation and mean temperature, 
respectively, and the black line indicates the monthly average values of 
these variables estimated from the 1970 – 2000 period. On b and d are 
depicted the monthly accumulated precipitation and mean temperature 
departure from the average values (ΔPrecipitation and ΔTemperature, 
respectively) and dashed lines indicate the 95 % confidence interval 
(95 % CI) around historical average values (1970 – 2000). Positive values 
indicate higher than the historical average. On e, columns represent the 
monthly litterfall, in g.m-2.
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Figure 3. Monthly litterfall as a function of monthly Precipitation (a), ΔPrecipitation (b), Mean Temperature 
(c) and ΔTemperature (d). R² and p values are presented in the top of the graph. Black lines are depicted for 
significant regressions, at the p < 0.05 level.

Table 1. Results of Multiple regression analysis for predicting Monthly and Annual litterfall  from climatic 
variables and from lags in these variables. Only selected variables are depicted in the table. %R² indicates the 
contribution of each selected variable to model R². AIC indicates the Akaike’s Information Criterion value 
for the selected model, while ΔAIC indicates the difference between the selected models from the model 
containing all climatic variables.

Variable Coefficient Std Error t value p value % R² AIC ΔAIC
Model - Monthly litterfall
(R² = 0.164; Ad R² = 0.150; F(2, 120) = 11.77; p < 0.001) -17.03 2.75

Precipitation -0.003 0.001 -2.657 0.009 11.8
ΔTemperature 0.311 0.122 2.558 0.012 4.6
Intercept 0.148 0.163 0.912 0.363      

Model Lag - Monthly litterfall
(R² = 0.155; Ad R² = 0.140; F(2, 118) = 10.8; p < 0.001) -15.34 3.04

Precipitation -0.004 0.001 -3.775 < 0.001 12.0
ΔTemperature 0.260 0.118 2.205 0.029 3.5
Intercept 0.275 0.142 1.933 0.056      

Model - Annual litterfall
(R² = 0.618; Ad R² = 0.554; F(1, 6) = 9.71; p = 0.021) 57.52 3.1

ΔTemperature 171.12 54.9 3.117 0.021 61.8
Intercept 266.58 23.51 11.341 < 0.001      

Figure 4. Annual litterfall as a function of Annual Precipitation (a), ΔAnnual Precipitation (b), Mean Annual 
Temperature (c) and ΔMean Annual Temperature (d). R² and p values are presented in the top of the graph. 
Black lines are depicted for significant regressions, at the p < 0.05 level.

DISCUSSION

Restinga litterfall production and seasonality
The amount of leaf litterfall found in this study (3.29 
± 0.63 Mg.ha-1.yr-1) is within the previously recorded 
ranges for open areas in restinga ecosystems (2.58 

and 8.20 Mg.ha-1.yr-1; Table 2). To this comparison, 
litterfall was converted to Mg.ha-1.yr-1, according to 
the equation: 

Litterfall = (AL x 10,000) / 1,000,000,

where AL = annual average of litterfall (g.m-2.yr-1). 
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Table 2. Estimates of annual leaf litter production, leaf contribution to total litterfall, months of peak 
production and total duration of study in some restinga ecosystems and their respective sites. Restinga 
ecosystems are divided in flooded and non-flooded and classified according to the vegetation physiognomy 
in Patchy, Shrubby and Arboreal, mentioning the domination of a specific species or the arboreal stratum 
(low or high) when necessary.

Restinga 
Ecosystem Site

Total Annual 
leaf litterfall 

(Mg.ha-1)

Mean leaf 
contribution 

to total 
annual 

litterfall (%)

Month(s) 
of largest 

contribution

Time 
interval 

(months)
Study

Non-flooded
Shrubby - C. 
hilariana 
dominated 
clumps

Jurubatiba, RJ 3.29 ± 0.63 80.0 May - 
October 134 This study

Shrubby 
- clumps 
without C. 
hilariana

Jurubatiba, RJ 2.58 64.8 October/
January 24 Brito et al., 

2015; 2018

Patchy - 
Allagoptera 
arenaria 
dominated

Marambaia, 
RJ 8.20 - - 12 Carvalho et 

al., 2014

Arboreal - low Ilha do Mel, 
PR 3.79 74.6 November 12 Pires, 2006

Arboreal - low Ilha do Mel, 
PR 3.36 61.5 November/

December 24 Brietz, 1994

Arboreal - low Ilha do 
Cardoso, SP 2.93 75.0 December 12 Moraes et al., 

1999
Arboreal - 
high

Marambaia, 
RJ 4.95 ± 0.8 75.0 January 24 Camara et 

al., 2018
Periodically Flooded

Arboreal - 
high

Ilha do Mel, 
PR 4.62 59.3 November/

December 24 Brietz, 1994

Arboreal - 
high

Marambaia, 
RJ 7.45 ± 0.5 67.3 January 12 Paula et al., 

2009
Arboreal - 
high

Marambaia, 
RJ 4.42 57.9 September 12 Pereira et al., 

2012
Arboreal - 
high Jurubatiba, RJ 5.84 57.7 October/

December 24 Brito et al., 
2015; 2018

The litterfall production recorded in non-flooded 
restinga forested areas tends to vary between 
2.93 to 4.95 Mg.ha-1.yr-1 and can reach values 
between 4.42 to 7.45 Mg.ha-1.yr-1 in more humid 
areas (Table 2). Our results show that the amount 
of leaf litterfall found in this study are also within 
the previously recorded ranges for non-flooded 
dense restinga forests, but slightly lower than that 
found for periodically flooded restinga forests 
(Table 2). In open restinga, vegetation cover is not 

homogeneous and this litter amount can be even 
lower if we consider the proportion of clump cover; 
in the study site, clumps cover from ~20 % (Dias et 
al. 2006) to 40 % of the area (Oliveira-Galvão et al. 
1990), and litterfall would correspond to about 0.66 
± 0.13 to 1.32 ± 0.26 Mg.ha-1.yr-1, considerably less 
than that recorded for flooded and non-flooded 
dense restinga forests.

In this study, it was recorded the highest 
proportion of leaves (~ 80 %) compared with other 
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restinga ecosystems (Table 1), and with the Atlantic 
forest and worldwide evergreen forests, averages 
of 67 % (Martinelli, Lins & dos Santos‐Silva 2017) 
and ~ 70 % (Zhang et al. 2014), respectively. Leaves 
are the most important source of organic matter to 
the soil (Barnes et al. 1998, Berg & Laskowski 2005, 
Zhang et al. 2014) and are particularly relevant in 
nutrient poor ecosystems, such as restingas. In 
these coastal evergreen forests, leaf abscission 
tends to be a continuous process, but variable in 
magnitude within and between years; as a result, 
litterfall display an irregular pattern throughout the 
year. In Open Clusia Formation, leaf litter do not 
input to the soil in a synchronous manner, it means, 
the amount of litterfall produced in each month is 
not similar along years. This imposes limitations 
on the ability to predict the temporal variations 
on litterfall during the year. It may also suggest a 
certain decoupling between climatic predictability 
- which presents a unimodal regime (Figure 2) - and 
leaf litter production. 

However, fluctuations in the amount of rainfall 
and in thermal amplitudes also vary between 
years, which may explain such decoupling. In 
fact, in evergreen forests, seasonal peaks are not 
uncommon due to plant phenological responses 
to multiple drivers, mainly climatic seasonality 
(Chave et al. 2010, Wagner et al. 2016). In Open 
Clusia Formation, leaf litterfall showed little change 
across the 12-years, tending to peak in winter or 
spring, what corresponds to the dry season as 
found across some other restinga sites (Table 2). 
This is also a common pattern in tropical forests 
(Araújo et al. 2019, Chave et al. 2010, Martinelli et al. 
2017, Rowland et al. 2014, 2018, Wagner et al. 2016, 
Zhang et al. 2014), even in sites where the seasonal 
drought is not so strong (Morellato et al. 2000). 
This pattern may have evolved as a plant strategy 
that results in reduced water stress during drier 
and warmer periods (Nepstad et al. 2002, Wright 
& Cornejo 1990), and sometimes it is associated 
to a simultaneous leaf production process, using 
nutrients re-captured from senescent leaves before 
abscission (Jackson 1978). It may explain the great 
variation among the month of litterfall peaks in 
distinct restinga ecosystems (Table 2), even though 
rainfall and temperature seasonal patterns didn’t 
change much between sites. 

Also, restinga species possess a distinct ability 
to retain or lose leaves, once individual species 

phenology respond to climatic variability in a very 
diverse way (Rosado 2006, Rosado & de Mattos 
2007), what may affect the temporal coherence in 
litterfall between distinct patches/sites and years. 
As a result, litter production is a considerably 
variable process, both in spatial and temporal 
scales. For example, while we found a significant 
effect of meteorological drivers on litterfall in Clusia 
dominated clumps in Open Clusia Formation, Brito 
et al. (2018) reported no relation between litterfall 
and temperature or accumulated precipitation 
nor in patches without Clusia neither in the same 
vegetation nor in a neighbor periodically flooded 
forest. Also, C. hilariana is the main source of 
organic matter and nutrients to restinga soils in 
Restinga de Jurubatiba National Park (Silva 2003, 
Villela et al. 2020) and is probably the main driver 
of significant relations between climatic variables 
and leaf litterfall we detected. Litter production in 
this system is related to the characteristics of this 
dominant species in the clumps. But its contribution 
to total leaf litterfall production in those clumps 
may also vary with its senescence stage from 50 
% to 70 % (Villela et al. 2020). However, the effect 
of climate on Clusia with distinct characteristics 
remains to be evaluated.

Effect of climatic variability on litterfall
We hypothesized that leaf litterfall in Open Clusia 
formation would respond to drought conditions 
and historical variations in temperature and water 
availability, such that litterfall would increase 
in the dry months, being negatively related to 
precipitation and positively related to precipitation 
deficits and extreme temperatures. In fact, the 
sole effect of reductions in monthly precipitation 
and Δprecipitation and increases in Δtemperature 
seems to enhance monthly litter production. This 
seems to confirm that longer and more intense 
dry seasons can lead to dry-season increases in 
litterfall. Seasonal character of the local rains 
has an important effect on the structure of the 
vegetation, which is associated with soil water 
deficit conditions (Brito et al. 2018).

When those three variables and the time lag 
- that indicates the time the vegetation takes to 
respond to changes in environmental factors – are 
considered as predictors, the power of the model to 
predict tendencies in litterfall increases. The results 
we report suggest that both temporal variations 
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in precipitation and in the amplitude of droughts 
and warm periods act together to determine the 
amount of leaf litter inputs to the soil. This also 
reinforces the notion that climatic variables have 
direct effects - mainly related to water balance - 
and indirect effects - affecting the endogenous 
rhythm – on restinga plants, that ultimately affect 
production rates and biomass loss, corroborating 
our first and second hypothesis.

We also expected that litterfall would increase on 
wetter and warmer years as a result of the increased 
leaf production in these periods (Rodrigues 2014). 
In fact, annual litterfall tended to increase in 
warmer and, mainly, warmer than expected years 
(Δtemperature). But, contrary to that, no clear 
trends of increase or reduction on annual litterfall 
were associated with annual precipitation and 
ΔPrecipitation. So, our expectations were only 
partially met. A similar response of litterfall and 
leaf production to temperature and temperature 
increases in relation to historical records have been 
registered by Guerreiro et al. (2018) in an Amazonian 
evergreen forest, who discussed these processes 
as an effect of abnormal or brusque changes in 
temperature after a long time of adaptation of tree 
species to low levels of variation in these factors. In 
restinga ecosystems, temperature variations can be 
even stronger due to low sandy soil specific heat.

Although it has been demonstrated that water 
availability is a major climate driver of litterfall 
production on annual basis across the tropics 
(Wagner et al. 2016), many studies reported 
that litterfall is better explained by variations 
in temperature than in rainfall (Chave et al. 
2010, Ferreira et al. 2014, Guerreiro et al. 2018, 
Martinelli et al. 2017). First, the relation between 
water availability and precipitation for plants is 
not straightforward and is determined by soil and 
plant characteristics, such as field capacity, root 
distribution, extractable water, etc (Wagner et al. 
2012). Second, the temperature is linked to solar 
radiation, and both can affect plant responses in 
multiple ways, affecting their succulence, stomatal 
opening, transpiration, photosynthesis and growth 
rates (Fauset et al. 2018, Niinemets 2001). These 
factors also have been demonstrated to trigger the 
flushing of new leaves and leaf abscission during 
the dry season (Chave et al. 2010), being a key driver 
of litterfall patterns, even in drier tropical forests 
(Borchert et al. 2015, Girardin et al. 2016). Also, the 

dominant species in this ecosystem - C. hilariana 
- is a CAM photosynthesis species, a characteristic 
commonly associated with the avoidance of water 
stress by plants. Increases in litterfall in warmer 
periods can result from the fact that the production 
and maintenance of C. hilariana leaves are less 
resilient to cold and dry periods (Rodrigues 2014), 
consequently with better performance in the 
summer periods, when high radiation and greater 
water availability are recorded. C. hilariana also 
tends to respond to accumulated climatic variations 
from previous periods. So, the leaves dropped in 
colder months (when lower thermal averages are 
recorded) were those produced in previous warmer 
and/or with moderate radiation incidence months. 
Therefore, knowing the accumulated conditions 
in previous periods makes it possible to predict C. 
hilariana phenological responses and so, Clusia 
dominated clumps response.

Although our results suggest that annual leaf 
production – estimated by leaf litterfall – may be 
less affected by water stress than variations in 
temperature or radiation, we may not ignore the 
possibility that the effect of seasonality in litterfall 
confuses the effect of the annual precipitation and/
or temperature in litterfall. In this case, even with 
greater leaf production due to a wet year, if the dry 
season is less dry or colder than usual, we may have 
less leaf abscission. Perhaps, the effects of such 
variations on litterfall on dry periods do not allow 
us to properly estimate annual leaf production; 
neither detects the effects of climatic conditions on 
annual leaf production. 

It is important to point out that future climate 
scenarios point to greater uncertainties in 
precipitation, with more concentrated rains in 
certain periods, and temperature increases in 
the southeast region, what was already registered 
during the period covered in this study. More 
concentrated rain events means an increase in 
the duration of dry periods. This, together with 
temperature increases, has been demonstrated 
to promote an increase in litter production in 
restinga ecosystems. Not only actual increases 
in duration of dry periods and temperatures but 
also relative changes to what restinga plants are 
adapted seem to be the mechanisms explaining 
variations in litterfall in the study site. It should be 
noted that prolonged droughts that characterize 
the changes in the seasonal patterns of rainfall 
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predicted for the future already affect the region 
and may have serious implications for the carbon 
and energy balance in restinga, since leaf litter is 
the main source of nutrients that subsidize new 
production cycles, and once it may have a severe 
impact on the risk of fire in this ecosystem. On the 
other hand, in a scenario of global climate change, 
the surrounding conditions can cause large 
amounts of water to be supplied in a short period 
of time, which, together with predicted sea level 
rise, could completely transform the dynamics 
of well drained and periodically flooded areas, 
changing the rhythms of plant production and 
nutrients cycling. 

Finally, although climatic variability is 
determinant for litter production, its effects 
are dependent on temporal scale that data 
are evaluated. While leaf litterfall seems to be 
predominantly driven by climate at annual scale, 
thereby suggesting the process is controlled by 
exogenous drivers, only 15 % of variation in leaf 
litterfall were associated to climate at seasonal 
scale, suggesting both exogenous and endogenous 
processes controlling litterfall at lower temporal 
scales, what is consistent with what was previously 
reported by Wagner et al. (2016). It suggests that 
local factors may be better predictors of leaf 
production and litterfall. Future evaluations 
regarding restinga plants production cycles should 
also consider the effects of other local factors, such 
as species diversity, clump structure, water table 
variations, changes in the vegetation cover and 
the physiology of the plants in adjacent areas. 
Field measures, together with other mechanisms 
of spatial analysis of leaf production, senescence 
and abscission must also contribute to a better 
understanding of plant cycle and leaf litterfall 
dynamics (Guan et al. 2014).
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