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ABSTRACT
Introduction: The litterfall production, foliar nutrient dynamics and decomposition are essential to maintain
nutrient cycling, soil fertility, and carbon regulation in terrestrial ecosystems. With several studies addressing
the variation of these processes, their dynamics in tropical dry forests (TDFs) remain unclear, due to its complex
interaction of biotic and abiotic factors.
Objective: To evaluate litterfall, nutrient potential return and use efficiency, and decomposition variation in a
TDF successional gradient in Tolima, Colombia.
Methods: We quantified litterfall from November 2017 to October 2019 in 12 plots distributed in four succes-
sional stages: initial, early, intermediate, and late forests. We identified key tree species in foliar litter production
and characterized the foliar decomposition of these species. At the community level, we quantified the C, N and
P potential return, the N and P use efficiency, and the C:N and N:P ratio. Subsequently, we analyze relationships
between vegetation characteristics and some soil chemical properties with these ecological processes.
Results: We found that total litterfall in late forests (8.46 Mg ha™! y'!) was double that found in initial forests (4.45
Mg ha'! y). Decomposition was higher in initial (k = 1.28) compared to intermediate (k = 0.97) and late forests
(k=0.87). The nutrient potential return didn’t change along succession, but it did show differences between study
sites. The structural development and species richness favored litterfall, while soil chemical conditions influenced
nutrient returns and decomposition.
Conclusions: TDFs could recover key ecosystem function related to litterfall and nutrient dynamics after distur-
bances cessation; however, the soil quality is fundamental in return and release of nutrients.
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RESUMEN
Dinamica de la hojarasca y transferencia de nutrientes en un gradiente sucesional
de bosque seco tropical en Colombia

Introduccién: La produccion de hojarasca, la dindmica de nutrientes foliares y la descomposicion son esenciales
para mantener el ciclo de nutrientes, la fertilidad del suelo y la regulacion del carbono en ecosistemas terrestres.
Con diversos estudios que abordan estos procesos, su variacion en los bosques secos tropicales (BSTs) permanece
incierta, por su compleja interaccién de factores bidticos y abioticos.

Objetivo: Evaluar la caida de hojarasca, el retorno potencial de nutrientes y eficiencia de uso, y la variacion en
descomposicion en un gradiente sucesional de un BST en Tolima, Colombia.
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Métodos: Cuantificamos la caida de hojarasca entre noviembre 2017 y octubre 2019 en 12 parcelas distribuidas
en cuatro estados sucesionales: bosque inicial, temprano, intermedio y tardio. Identificamos las especies arbo-
reas clave en la produccién de hojarasca y caracterizamos la descomposicion foliar de estas especies. A nivel
comunitario, cuantificamos el retorno potencial de C, N y P, la eficiencia de uso de N y P y la relacién C:N y N:P.
Posteriormente, analizamos las relaciones entre las caracteristicas de la vegetacion y algunas propiedades quimi-
cas del suelo con estos procesos ecoldgicos.

Resultados: Encontramos que la caida total de hojarasca en los bosques tardios (8.46 Mg ha'! afio™!) fue el doble
de la hallada en bosques iniciales (4.45 Mg ha'! afio™!). La descomposicién fue mayor en bosques iniciales (k =
1.28) en comparacion con bosques intermedios (k = 0.97) y tardios (k = 0.87). El retorno potencial de nutrientes
no cambid con el avance de la sucesion vegetal, pero exhibié diferencias entre los sitios de estudio. El desarrollo
estructural y la riqueza de especies favorecieron la caida de hojarasca, mientras que las condiciones quimicas del
suelo influyeron en el retorno de nutrientes y descomposicion.

Conclusiones: Los BSTs tienen la capacidad de recuperar la funcién ecosistémica de aporte de hojarasca fina,
retorno y liberacion de nutrientes después del cese de alteraciones antropicas; sin embargo, la calidad del suelo es
fundamental en el retorno y liberacién de nutrientes.

Palabras clave: ciclos biogeoquimicos; sucesion vegetal; indicadores ecoldgicos; recuperacion de bosques; espe-

cies clave.

INTRODUCTION

Tropical dry forests (TDFs) are strategic
ecosystems with great biological diversity and
multiple ecosystem services such as soil sta-
bilization, water and climate regulation, car-
bon storage, among others (Gei & Powers,
2014; Murphy & Lugo, 1986). However, due
to the historical loss of more than 60 % of
their original coverage, they are among the
most threatened ecosystems in the Neotropics
(Portillo-Quintero & Sénchez-Azofeifa, 2010).
The main causes of loss and TDFs transforma-
tion have been the livestock expansion, mining,
urban development, and tourism (Gonzalez-
M et al., 2019; Pizano & Garcia, 2014). This
situation puts at risk the biodiversity, ecologi-
cal processes, and ecosystem services in TDFs
(Fernandez-Mendez et al., 2014; Quesada et
al., 2009). Within the ecological processes that
can be affected by land use change, are litterfall,
nutrient returns, and decomposition (Gei &
Powers, 2014; Meister et al., 2012).

Litterfall, nutrient return and decompo-
sition are fundamental ecological processes
for organic matter return and nutrient real
return to soils (Vitousek, 1984). These eco-
logical processes represent the ability to trans-
form biomass and supply or retain nutrients
depending on the availability of resources

(Aerts & Chapin, 1999; Coleman et al., 2018;
Vitousek & Sanford, 1986). In this way, in the
dry season when resources are scarce, plants in
TDFs could reabsorb nutrients before litterfall,
as an adaptation mechanism that allows them
to be more energy efficient (Gei & Powers,
2014; Vitousek, 1984). Additionally, depend-
ing on the degradation level and the ecosystem
resilience, these ecological processes can vary
widely in different successional stages (Aryal et
al,, 2015; Sanchez-Silva et al., 2018; Souza et al.,
2019; Xuluc-Tolosa et al., 2003).

In advanced successional stages that are
distinguished by structural and species com-
position development (Chazdon, 2014), it
has been reported that litterfall and nutri-
ent returns is higher (Barreto da Silva et al,
2018; Castellanos-Barliza et al., 2019; Huang
et al., 2017; Sanchez-Silva et al., 2018; Souza
et al,, 2019). Likewise, the decomposition and
nutrients release could be superior and more
efficient, due to better soil conditions, greater
water efficiency and microbial activity (Schil-
ling et al, 2016). In contrast, other studies
have shown that in early and intermediate
stages, litterfall, nutrient returns and release
may be greater due to fast-growing species with
higher photosynthetic rates and efficient nutri-
ent returns (Castellanos-Barliza, Leén-Pelédez,
Armenta-Martinez, et al.,, 2018; Sanchez-Silva
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et al., 2018; Valdespino et al., 2009; Xuluc-
Tolosa et al., 2003). These ecological processes
respond to the interaction of multiple biotic
factors such as structure and species richness,
morphological and physiological traits varia-
tion, and microbial activity (Coleman et al.,
2018; Steidinger et al., 2019); and abiotic factors
such as soil type and microclimatic conditions
(Ostertag et al., 2008; Sanchez-Silva et al., 2018;
Schilling et al., 2016).

In relation to the N and P foliar nutrients
dynamics in TDFs, it has been reported that
the P content decreases, and its use efficiency
increases with the forest age (Read & Lawrence,
2003); while N returns recovered in the first
successional stages (Gei & Powers, 2014). In
dry forests of La Guajira in Colombia affect-
ed by coal mining, Castellanos-Barliza Le6n-
Peldez and Campo (2018) found that after 21
years of active restoration, the flow of N and
P recovered, but the rate of P mineralization
didn’t change. Meanwhile, in dry forests of the
Yucatan Peninsula that historically had corn
crops, Read and Lawrence (2003) found that
N concentration didn't change along plant suc-
cession, while the P concentration decreased in
mature forests. The P and N flux variation is
mainly attributed to its origin nature (Campo
et al.,, 2001; Gei & Powers, 2014); and other
factors such as land use history, soil type, cli-
mate, and vegetation (Gei & Powers, 2014);
but the influence of various abiotic and biotic
factors on N and P returns remains uncertain
(Souza et al., 2019).

The main objective of this study was to
evaluate the litterfall, nutrient potential return
and use efficiency, and decomposition variation
in a TDF successional gradient. Specifically,
we ask the following questions: i) How does
the litterfall, nutrient potential return and use
efficiency, and decomposition change in dif-
ferent successional stages in a TDF? ii) How is
the relationship between some soils chemical
properties and vegetation with respect to these
ecological process? To answer these questions,
we quantified litterfall production for two years
(November 2017-October 2019) in four suc-
cessional stages: initial (3-5 years), early (10-15

years), intermediate, (20-30 years) and late (>
40 years); we identified tree species with the
greatest litterfall contribution and quantified
the rate decomposition of these species. At
the community level we measured C, N and
P potential return, N and P use efficiency,
C:N and N:P ratios. Finally, we analyzed the
relationship of some vegetation characteristics
and soil chemical properties with litterfall, the
nutrient potential return and use efficiency,
and decomposition.

Considering that studies of these ecologi-
cal processes in TDFs are contrasting due to
the biotic and abiotic interactions mentioned
above, we expect that: i) Litterfall and decom-
position will increase along plant succession,
due to the structure development, species rich-
ness and better soil conditions, which favor
litterfall contribution and nutrients release. ii)
Second, we expect N return to be higher in
initial and early forests, and P return to increase
along succession; in this way N use efficiency
and C:N will be higher in late forests, and P use
efficiency and N:P will have higher values in the
early stages of succession. iii) Third, we believe
that soil chemical properties will have a stron-
ger effect on nutrient return and use efficiency,
and decomposition; meanwhile the structure
and species richness will strongly influence lit-
terfall contribution.

MATERIALS AND METHODS

Study area: The study was conducted
at three locations in the upper basin of the
Magdalena River, North Tolima department,
Colombia. The Civil Society Nature Reserve
(CSNR) “Tambor” (5°12°25” N & 74°44°12
W) in Honda municipality; the CSNR “Jabiru”
(5°01’50” N & 74°53’°04” W) in Armero-Guay-
abal municipality and Hacienda San Felipe
(5°07°25” N & 74°57°06” W) in Falan munici-
pality (Fig. 1). These forests correspond to TDF
remnants in inter Andean valleys Magdalena
River. Historically, this zone has been charac-
terized by the establishment of extensive and
intensive cattle ranching (Fernandez-Mendez
et al., 2014). The geomorphological landscape
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Fig. 1. Study area in North Tolima. Colombia. Permanent monitoring plots (0.18 ha) per successional stage are represented
by asterisks for initial (3-5), triangles for early (10-15), circles for intermediate (20-30) and squares for late (> 40).

includes piedmont and low and intermediate
hills geoforms. Typic Ustorthents and Lithic
Ustorthents are dominant soils, which have
developed from sandstone, tuff, and clay
(IGAC, 2004). Soil texture is loam to clay loam,
with 58.1 % * 12.9 sand, 25.1 % + 7.55 silt, and
16.8 % + 6.12 clay in average. Soils are charac-
terized by medium fertility and moderate pH
(Garcia Villalobos, 2020). The climate is hot
dry, with a bimodal precipitation, the annual
average precipitation is 1 876 + 258 mm with
dry season from January to March and June to
September, while the rainy season is from April
to May and October to November (Fernandez-
Mendez et al., 2014).

A total of 12 permanent monitoring plots
(PMP) were established (three plots in each
successional stage). Since age is not a pre-
cise succession metric (Chazdon, 2014), we
assigned an approximate age from forest/no
forest thematic layers corresponding to 1990,
2000, 2005, 2010 and 2013 years (Salgado-
Negret et al., 2017). Additionally, we consider
local communities’ knowledge regarding age

abandonment, in this way age ranges were
defined for each successional stage: initial (3-5
years); early (10-15 years); intermediate (20-
30); and late (> 40 years). Initial corresponds
to sites that have lost their original coverage,
which historically were agricultural crops and
pastures that were abandoned in the last 5
years. Early characterized by an open canopy,
with arboreal and shrubby elements that origi-
nated from plant succession in the last 10 to 15
years. Intermediate forests were distinguished
by regularly distributed tree elements, forming
a discontinuous canopy with trees that reach
heights of up to 25 m, tree cover between 30-70
% and an age of abandonment greater than 20
years. Finally, late forests constitute little inter-
vening vegetal formations (sporadic presence of
cattle), which are characterized by high natural
regeneration, closed canopy and differentiated
strata with coverage greater than 70 % (Table 1).

Litterfall production: Litterfall was moni-
tored in 96 circular collectors (0.5 m?) along
successional gradient. In each PMP, eight
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Table 1

Structural characteristics vegetation and floristic composition of study sites of four successional stages in a TDFE, North

Tolima. Colombia.

Successional Initial Early Intermediate Late

stage (3-5) (10-15) (20-30) (> 40)
Individuals/0.18 ha 69 + 33 187 + 105 196 + 67 182 + 56
Individuals /ha 383 £ 181 1041 + 585 1087 + 374 1013 + 311
Species/0.18 ha 17+7 22+8 25+7 317
Species /ha 93 +£39 120 + 42 139 + 39 174 + 37
Basal area m?0.18 ha! 46+19 21.6 £16.9 26.7 £ 154 258 £ 14.9
Basal area m? ha! 259 +10.7 119.7 £ 93.9 148.1 £ 85.5 143.5 + 82.6
CWM foliar area (cm?)* 79.5 £ 40.7 64.1 £26.7 109.3 + 68.7 97.8 £33.6
%ﬁiﬁiﬁ?;’:{gﬂ 21403 22403 21405 27404
Species with higher IVI  Attalea butyracea Attalea butyracea ~ Guadua angustifolia Oxandra espintana
values (Kunth) (28.7 %), (Kunth) (59.1 Kunth (49 %), (Benth.) Baill. (27.6

Guazuma ulmifolia
Lam (24.8 %), Cordia
alliodora (Ruiz &
Pav.) Oken (22.7 %),
Coccoloba coronata
Jacq. (20.4 %), y

%), Calliandra
tergemina (L.)
Benth. (22.3 %),
Cordia alliodora
(Ruiz & Pav.) Oken
(11.1 %) y Eugenia

Centrolobium paraense sp. (8.6 %).

Tul. (17.8 %).

Anacardium excelsum
(Kunth) Skeels (24

%), Erythroxylum ulei
O.E.Schulz (21.7 %),
Oxandra espintana
(Benth.) Baill. (19.7 %),
Attalea butyracea (L.f.)
Wess.Boer (19.2 %) y
Machaerium tolimense
Rudd (10.5 %).

%), Anacardium
excelsum (Kunth)
Skeels (20.1 %),
Trichilia oligofoliolata
M.E. Morales (]9.2
%), Sorocea cf. sprucei
(18.7 %) y Astronium
graveolens Jacq. (15.3
%).

All individuals with DBH > 2.5 cm were included. The values correspond to the mean + 1 SD of the three study sites. Adapted

from Polania, (2019). *Data provided by the IAvH (Gonzalez-M et al., 2019). CWM: community-weighted mean.

collectors were installed so that 24 collectors
per successional state were established follow-
ing the Biodiversity and Ecosystem Services
TDFs Evaluation Protocol (Salgado-Negret et
al., 2017). Collectors were permanently exposed
and every month for two years litterfall was
collected (November 2017-October 2019). To
obtain the dry weight, the samples were dried
at 60 °C for 24-72 h depending on moisture
content (in rainy periods were dried for 48-72
h) until a constant weight was obtained. After
drying, the biomass obtained was separated
into leaves (refer to foliar litter in this study),
branches (< 2 ¢cm) and reproductive material
(flowers, fruits). Miscellaneous unidentified
material was not considered because it repre-
sented less than 5 % of total contribution. Sub-
sequently, the dry weight of each component

was obtained in a precision digital scale 0.01 g.
Total litterfall was obtained from the monthly
production sum of all collectors by successional
state, adapting the equation of Honorio and
Baker (2010).

To estimate foliar litter contribution by
species, every three months in the first year
of study (November 2017-October 2018), four
collectors per PMP were randomly selected.
Subsequently, foliar litter was separated accord-
ing to their shape and texture, including the leaf
blade and the petiole. For foliar litter palms,
only the rachis and the pinnae contained in
the collector were considered, excluding the
petiole and the foliar parts outside the collector
(Ribeiro et al.,, 2020). To estimate contribu-
tion by species, foliar litter was weighed on
a digital scale with a precision of 0.01, and it
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was summed by successional stage and by site
to selected species that contributed the most
foliar litter.

Leaf nutrient potential return and nutri-
ent use efficiency: To evaluate nutrient poten-
tial return, four of the eight collectors per
PMP were selected, who gathered the quarterly
contribution of foliar litter during the first year
of study. In total, 192 samples were evaluated
(12 plots x 4 collectors x 4 periods in the year).
The foliar litter samples were sent to National
Laboratory in Bogota, for carbon (C), nitrogen
(N) and phosphorus (P) content quantification.
Nutrient potential return was estimated as aver-
age annual fluxes (kg ha! y'!) multiplying foliar
litter production by nutrients concentration in
each plot and successional stage (Read & Law-
rence, 2003). Additionally, we quantified C:N,
N:P ratios and the nitrogen use efficiency index
(NUE) and phosphorus use efficiency index
(PUE) considering the nutrient efficiency used
per unit of dry mass produced in foliar litter,
that is equivalent to inverse of foliar litter nutri-
ent concentration (1/[nutrient concentration])
(Vitousek, 1984).

Leaf litter decomposition: To estimate
decomposition rates by species and community
level, litter bags were built considering the spe-
cies that contributed the most foliar litter (iden-
tified in the previous phase). These species
exhibited high IVI values (Table 1) and higher
foliar litter contributions, so ecologically they
also represented the community level (weighted
average of k value). According to Graca et al.
(2005); Salgado-Negret et al. (2017), 5 g foliar
litter were deposited in 20x20 cm nylon-type
bags, with a 5 mm diameter mesh eye. 18 litter
bags by individual/species were constructed
(522 in total; 22 species and 29 individuals, due
to some species were repeated by successional
stage). The distribution of litter bags per plot
varied between 36 (2 species) to 72 (4 species)
according to species selection with the highest
foliar litter contribution. The litter bags were
installed at the end of May 2019 and were
collected at 30, 63, 92, 120, 153 and 189 days.

The 18 litter bags per species were installed
with a rope that held all the bags to facilitate
their collection and avoid their loss; therefore,
a separation between the bags was not guar-
anteed so that they were exposed to the same
microclimatic conditions (Salgado-Negret et
al., 2017). In the laboratory, the litter bags
were carefully cleaned to remove soil particles,
emerging fine roots, and other adhering mate-
rials. Subsequently, they were dried at 60 °C for
48 to 72 h until reaching a constant weight to
estimate the dry weight on a digital scale with
0.01 g precision.

Data processing: To compare litterfall,
nutrient potential return - use efficiency, and
decomposition across successional stages, we
performed one-way Anovas, Welchs robust
Anovas, and nonparametric Kruskal-Wal-
lis tests depending on data behavior. Subse-
quently, to confirm significant differences, we
performed Games-Howell post hoc tests or
Wilcoxon pairwise multiple comparison with
Bonferroni adjustment. Additionally, we per-
formed Principal Component Analysis (PCA)
to summarize vegetation characteristics, soil
chemical properties, and nutrient potential
return and use efficiency for the 12 PMP stud-
ied. Thus, we made three PCAs: (i) vegetation
characteristics: basal area, leaf area, height and
species richness; (ii) soil chemical properties:
pH, organic carbon (OC), N, P and cation
exchange capacity (CEC) and (iii) potential
nutrient return and use efficiency: C, N and P
returns, N:P, C:N, NUE and PUE. The scores
of the first dimensions (Diml) of each PCA
were selected as a representation of vegetation
characteristics, soil chemical properties and
nutrients, because they summarized the data
and explained most data variance. Finally, to
analyze the relationship between the vegetation
characteristics and soil chemical properties
with litterfall, nutrient potential return and
use efficiency, and decomposition, we made
three mixed models with the Imer function of
the Ime4 package. In these models the plot was
used as a random factor, and we included three
fixed effects: (i). The Diml of soil chemical
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Fig. 2. Total litterfall, foliar, branches and reproductive structures (flowers and fruits) in four successional stages in a TDE,
North Tolima. Error bars indicate + 1 standard error. The values followed by the same letters are not significantly different

according to Welch and Kruskal-Wallis test.

properties PCA; (ii). The Diml of vegetation
characteristics PCA; and (iii) the interaction
of both dimensions (soilsxvegetation) (Bates et
al., 2015). All analyzes were performed in the
R software version 3.6.3 (R Core Team, 2020).

RESULTS

Litterfall production: Total annual lit-
terfall in a TDF range from 4.45 to 8.46 Mg
ha! y! and varied significantly among suc-
cessional stages. Total litterfall was highest in
late and intermediate (Welch, F,50=13.0,P <
0.001) (Fig. 2). This trend was maintained for
foliar litter (Welch, F,50=158,P< 0.001) and
branch fraction (Kruskal-Wallis, H, = 25.36, P
< 0.05), meanwhile the reproductive structures
were lower in initial forests and didn’t change
between early, intermediate, and late forests
(Kruskal-Wallis, H, = 17.04, P < 0.05).

Centrolobium paraense, Albizia guachapele
and Guazuma ulmifolia were the ones species
that contributed the most to leaf litter in ini-
tial (41.03 %). Calliandra tergemina, Spondias
mombin and Attalea butyracea represented the
greatest contribution in early (29.85 %). For its
part, Guadua angustifolia, Trichilia oligofoliola-
ta and Anacardium excelsum represented 49.16
% of the leaf litter in intermediate, while A.
excelsum, T. oligofoliolata and Oxandra espinti-
ana constituted 33.45 % in late forests (Table 2).

Leaf nutrient potential return and nutri-
ent use efficiency: The C, N and P poten-
tial return, N and P use efficiency, and C:N
didn’t change throughout succession (P > 0.05).
N:P was the only variable that exhibited dif-
ferences between initial and intermediate/late
forests (Kruskal-Wallis, H, = 8.34, P < 0.05)
(Table 3). Even so, nutrient potential return and
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Table 2
Annual leaf litter (Mg ha! y! + 1 standard deviation) of species with greatest contribution in four successional stages in a
TDE North Tolima

Successional Stage Species Leaf litter %
Initial (3-5) Centrolobium paraense Tul. 0.53 +0.01 15.23
Albizia guachapele (Kunth) Dugand 0.50 £ 0.01 14.37
Guazuma ulmifolia Lam. 0.40 +0.01 11.49

Rondeletia pubescens Kunth 0.19 £ 0.01 5.46

Cupania latifolia Kunth 0.19 £ 0.002 5.46
Early (10-15) Calliandra tergemina (L.) Benth. 0.53 +0.02 12.59
Spondias mombin L. 0.38 +0.01 9,00
Attalea butyracea (L.f.) Wess.Boer 0.35 +0.01 8.27
Leguminosae 1 0.32 £0.01 7.76
Astronium graveolens Jacq. 0.23 £0.01 5.58
Guazuma ulmifolia Lam. 0.14 + 0.004 3.36

Leguminosae 2 0.14 £ 0.01 3.35
Eugenia sp. 0.10 £ 0.003 2.49
Intermediate (20-30) Guadua angustifolia Kunth 1.68 + 0.02 25.73
Trichilia oligofoliolata M.E. Morales 0.85+0.03 13.02
Anacardium excelsum (Kunth) Skeels 0.68 +0.03 10.41
Machaerium tolimense Rudd 0.37 £ 0.03 5.67
Spondias mombin L. 0.30 +0.03 4.59

Bauhinia sp. 0.27 +0.03 4.13
Oxandra espintana (Benth.) Baill. 0.24 +0.03 3.68
Machaerium microphyllum (E.Mey.) Standl. 0.20 + 0.03 3.06
Late (> 40) Anacardium excelsum (Kunth) Skeels 1.14 £ 0.01 17.43
Trichilia oligofoliolata M.E. Morales 0.65 +0.02 9.94
Oxandra espintana (Benth.) Baill. 0.39 +0.02 5.96

Ocotea longifolia Kunth 0.36 + 0.02 5.5

Rutaceae 0.36 £ 0.02 5.5
Attalea butyracea (L.f.) Wess.Boer 0.30 = 0.02 4.59
Ampelocera albertiae Todzia 0.26 + 0.02 3.98
Machaerium tolimense Rudd 0.20 + 0.01 3.06

Table 3

Carbon (C), nitrogen (N) and phosphorus (P) potential return (kg ha'! y'!), nitrogen use efficiency (NUE) and phosphorus
use efficiency (PUE), C:N and N:P (mean + 1 standard deviation) in four successional stages in a TDE, North Tolima

Succesional stage Initial (3-5) Early (10-15) Intermediate (20-30) Late (> 40)
C (kgha'y1) 1961.53 + 830.92 1841.53 + 159.74 27731+ 317.53 275837 +27.23
N (kg ha'l y!) 85.77 + 43.47 63.53 + 11.46 94.83 + 12.18 90.03 + 12.56
P (kg haly?) 533 + 3.61 473 +1.93 8.07 + 1.13 6.13 +1.28
NUE 70.17 + 16.11 70.13 + 6.68 72.53 + 11.24 78.27 + 14.65
PUE 1624.9 + 556.07 1576.23 + 815.64 958.23 + 279.99 1166.43 + 232.57
CN 32.93 +7.86 30.97 +2.51 30.67 + 3.52 333+ 4.6
N:P 23.1 +4.8 2217 £9.72 13.03 +2.18> 14.4 + 2.14°

Letters indicate significant differences between successional stages (P < 0.05).
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use efficiency presented an important variation
along succession conditioned by the site. C,
N and P return tended to be greater in inter-
mediate and late stages. This can be explained
because although Jabiru exhibited high nutrient
return in all successional stages, Tambor and
San Felipe presented lower values in initial and
early stages to induce a lower average value in
the first stages. For its part, PUE reached mean
higher values in initial and early successional
stages; meanwhile, NUE and C:N didn "t pres-
ent clear differences in succession (Table 3).

In this sense, nutrient potential return and
use efficiency exhibited a clear change between
study sites. Nutrients PCA confirmed it because
this allowed a clear site separation. Jabiru were
related to high nutrient potential return; while
San Felipe exhibited high N:P and PUE; and

Tambor associated with C:N and NUE. DIM1
explained 68.2 % variance, allowing to describe
the nutrient potential return and use efficiency.

Leaf litter decomposition: Decomposi-
tion rates are higher in initial and early com-
pared to intermediate and late forests (F,, =
1.62, P = 0.05). The residual dry mass-RDM
varied from 85.7 % (month 1) to 54.2 % (month
6) in initial forests; 88.2 to 454 % in early
forests; 90.9 to 61.7 % in intermediate forests;
and 92.1 to 63.4 % in late forests. At the species
level, R. pubescens and G. ulmifolia presented
the highest decomposition rates and the short-
est RDM in initial; Leguminosae 1 and A. gra-
veolens in early; S. mombin and O. espintiana in
intermediate; and Rutaceae and O. espintiana in
late (Table 4, Fig. 3). The R? values ranged from

A Initial (3-5) B  Early(10-15)
100 100
80
.80
&
g 601 <+ Eugenia
oc % A. butyracea
60 Taa 4 Leguminosae2
& C. latifolia Mg N, *® G. ulmifolia
% P.guachapele s _ N, 40 @ Ctergemina
- C paraense ~ L) £+ S. mombin
# G. ulmifolia A - 0 A graw_aolens
401 @ R.pubescens ™ g % Leguminosael
0 50 100 150 200 0 50 100 150 200
C Intermediate (20-30) D Late(>40)
100 100
80 —~ 80
g & T oligofoliolata g & A excelsum
oc *# A. excelsum o ¥ M. tolimonse
601 4 M.tolimense 60{ * A butyracea
& M microphyllum - T, oligofoliolata
@ G angu_snfoha ) @ O. langifolia
€ Bauhiniasp. N e £+ A. albertiae
G0 ESP’"[Z’_‘J"‘J © O.espintiana
% S.mombin £ Rutaceae
401 . ; : 40l . ; ; ,
0 50 100 150 200 0 50 100 150 200
Days Days

Fig. 3. Residual dry mass of foliar litter for the species with the highest litterfall contribution in four successional stages in a

TDE North Tolima.
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Table 4
Decomposition factor k, decomposition time of 50 % and 99 % of foliar litter for species in in four successional stages in a

TDE North Tolima

Successional Stage Species k t - (years) t .99 (years) R?
Initial (3-5) R. pubescens 1.51 0.58 3.84 0.9
G. ulmifolia 1.33 0.52 3.46 0.98
C. paraense 1.10 0.46 3.05 0.93
A. guachapele 1.02 0.68 4.51 0.96
C. latifolia 0.58 1.20 7.94 0.91
Early (10-15) Leguminosae 1 2.5 0.28 1.84 0.97
A. graveolens 1.97 0.35 2.34 0.92
S. mombin 1.79 0.39 2.57 0.97
C. tergemina 1.35 0.51 341 0.99
G. ulmifolia 1.31 0.53 3.52 0.99
Leguminosae 2 1.17 0.59 3.94 0.93
A. butyracea 0.98 0.71 4.70 0.83
Eugenia 0.69 1.00 6.67 0.93
Intermediate (20-30) S. mombin 1.66 0.65 4.34 0.99
O. espintiana 1.39 0.50 3.31 0.95
Bauhinia sp 1.01 0.69 4.56 0.94
G. angustifolia 0.87 0.80 5.29 0.87
M. microphyllum 0.75 0.92 6.14 0.95
M. tolimense 0.67 1.03 6.87 0.98
T. oligofoliolata 0.59 1.17 7.81 0.97
A. excelsum 0.51 1.17 7.81 1
Late (> 40) Rutaceae 1.55 0.45 2.97 0.96
O. espintiana 1.17 0.59 3.94 0.97
A. albertiae 1.05 0.66 4.39 0.98
O. longifolia 0.75 0.92 6.14 0.94
A. butyracea 0.68 1.02 6.77 0.92
M. tolimense 0.63 1.10 7.31 0.97
T. oligofoliolata 0.58 1.20 7.94 0.97
A. excelsum 0.45 1.54 10.23 0.93

The adjusted R? indicates the coupling of the exponential model used for each species (P < 0.05).

0.83 to 1, indicating that the model appropri-
ately described the decomposition rates for all
species in all successional stages.

Relationship with vegetation character-
istics and soil chemical properties: Litterfall
exhibited a positive relationship with vegetation
characteristics (x*> = 28.96; P < 0.05) (Fig. 4A),
but no clear relationship was found with soil
chemical properties (x? = 0.89; P > 0.05) (Fig.
4B). The interaction between soil chemical
properties and vegetation characteristics had
a slight relationship with litterfall (x* = 3.14;

P = 0.076). In general, intermediate, and late
forests exhibited higher contributions of litter-
fall, better structural development of vegetation
and higher species richness, but not necessarily
better soil conditions.

In contrast, nutrient potential return and
use efficiency were not related to vegetation
characteristics (x? = 2.82; P > 0.05) (Fig. 4C);
but showed a positive relationship with soil
chemical properties (x? = 4.28; P = 0.04) (Fig.
4D). High C:N and N, P use efficiency were
related to low nutrients, OC % and CEC in
soils; while nutrient potential return (N, P)
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Fig. 4. A. Annual litterfall (Mg ha! y!) in relation to vegetation characteristics (vegetation PCA Dim1 score) and B. soil
chemical properties (soil PCA Dim1 score) (N = 96, litter collectors). C. Nutrient potential return and use efficiency in
relation to vegetation characteristics and D. soil chemical properties (N = 48, collectors for nutrient and soil analysis). E.
Decomposition rate (k) in relation to vegetation characteristics and F. soil chemical properties (N = 29, species).

were related to high chemical soil properties
values. Jabiru presented the highest nutrient
potential return and better soil chemical condi-
tions, while San Felipe and Tambor exhibited
the highest use efficiency.

Finally, the decomposition rate presented a
relationship with the soil-vegetation interaction
(x? = 4.27; P = 0.04). However, when evaluat-
ing only the structure and species richness,
there wasn’t relationship with decomposition

(x2=3.21; P > 0.05) (Fig. 4E); Likewise, the soil
chemical properties were not related to decom-
position (x*>= 0.14; P > 0.05) (Fig. 4F).

DISCUSSION

The plant succession favored the recovery
of litterfall and decomposition; while the site
conditions associated with soil chemical prop-
erties were determinant in nutrient dynamics.
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Soil chemical properties, vegetation structure
and species richness of intermediate and late
forests favored a greater litterfall contribution.
Regardless of the successional stage, better soil
conditions favored foliar nutrient returns and
their release through decomposition. These
results suggest that tropical dry forests in dif-
ferent successional stages have the capacity
to recover key ecological processes related to
nutrient cycling and NPP, although the soil
quality conditioned by land use history has a
great influence on nutrients dynamics.

Litterfall recorded in this study (4.45-8.46
Mg ha'! y'!) was within the range reported in
similar forest ecosystems (Aryal et al., 2015;
Gonzélez-Rodriguez et al., 2011). In this regard,
litterfall was low in initial and early stages and
increased in intermediate and late forests, due
to the recovery of the structure and species
richness. In general, these results support our
first hypothesis and coincided with several
studies in TDFs in Mexico (Morffi-Mestre et
al., 2020; Sanchez-Silva et al., 2018), Costa Rica
(Schilling et al., 2016) and Brazil (Souza et al.,
2019), who’s attributed litterfall increase to the
biomass superiority and canopy development.

The high litterfall contribution in interme-
diate and late forests can also be explained by
the species composition and their morphologi-
cal and physiological traits (Becknell & Powers,
2014; Lopezaraiza-Mikel et al., 2014; Villalobos
et al., 2014). In this study we found a positive
effect of species richness and leaf area on lit-
terfall, which could be attributed to litterfall
would be mediated by significant contribution
of dominant individual trees (abundance and
basal area) with large leaves in more diverse
sites (Clark et al., 2001; Huang et al., 2017). In
this way, the role of the dominant species was
fundamental in litterfall contribution, particu-
larly in foliar litter, supported by the biomass
ratio hypothesis (Grime, 1998), which suggests
that ecosystem processes are determined by
dominant species (Conti & Diaz, 2013; Finegan
et al., 2015).

Nutrients from litterfall are key to main-
taining soil stability and supplying resources
to microorganisms and plants (Gei & Powers,

2014; Hulshof et al., 2014; Schilling et al., 2016).
In this study, the average C foliar return in late
forests was like that reported in primary dry
forests of Calakmul, Mexico (Aryal et al., 2015).
The average N and P foliar return was higher
than that recorded in various TDFs of Meso-
america such as the Calakmul primary forests
(Aryal et al.,, 2015), Chamela, Mexico (Campo
et al, 2001) and secondary forests (7 years
old) in Santa Martha, Colombia (Castellanos-
Barliza, Le6n-Peldez, Armenta-Martinez et al,,
2018). These differences can be attributed to
multiple factors at the regional scale like the cli-
mate variation, land use history and age forest,
topographic and soil conditions (Campo, 2016;
Gei & Powers, 2014; Waring et al., 2021); and
local variations in species composition and soil
microorganisms (Coleman et al., 2018; Schil-
ling et al,, 2016).

Nutrient fluxes can vary widely due to cli-
matic seasonality, forest age, soil condition, and
species composition (Campo, 2016; Campo &
Merino, 2019; Gei & Powers, 2014; Saynes et
al., 2005). Similarly, to results of (Castellanos-
Barliza Le6n-Peldez, Armenta-Martinez et al.,
2018; Valdespino et al, 2009) in Colombian
and Mexican TDFs respectively, we found that
nutrient potential return was mainly condi-
tioned by nutrients availability in soils, which
supports our third hypothesis and allowed a
differentiation between study sites. Meanwhile,
contrary to what we expected the variation of
nutrient potential return and use efficiency
didn’t change along plant succession. The N:P
was the only variable that changed in plant
succession, being higher in initial compared
to intermediate and late forests; however, this
result was conditioned by the site effect in the
early forests. In this respect, plants in TDFs
can supply their P requirement by the accu-
mulation of soil P bicarbonate and dissolved
P pools during the dry season (Valdespino et
al., 2009), and the presence of ectomycorrhizal
fungi (Meeds et al., 2021).

After litterfall, decomposition process
begins, which allows the gradual nutrients
release to the soil (Cornwell et al., 2008). We
found that rate decomposition was higher in
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initial and early forests, and better soil chemi-
cal conditions, structure vegetation and spe-
cies richness favored decomposition. These
results partially support our hypothesis, since
the soil-vegetation interaction favored nutri-
ents release, but contrary to what we expected
(first hypothesis), decomposition was higher in
initial forests. This can be explained by species
composition with rapid nutrient return (e.g.,
G. ulmifolia, R. pubescens and S. mombin). This
coincides with what was reported in South-
west Mexico TDFs (Sdnchez-Silva et al., 2018)
and the Yucatdn Peninsula (Xuluc-Tolosa et
al., 2003), who found that early-stage species
exhibit high rates of decomposition due to high
N foliar concentration.

Decomposition rates can vary along plant
succession due to the interaction between
fauna, substrate, quality foliar litter and micro-
climatic conditions (Cornwell et al., 2008;
Schilling et al., 2016). Thus, higher decomposi-
tion rates in the initial and early forests can also
be explained by the microclimatic conditions
of sunlight and rain direct entry, which could
favor nutrients release of species adapted to
water deficit (Sdnchez-Silva et al., 2018; Xuluc-
Tolosa et al., 2003). However, in this study we
don’t directly analyze microclimatic conditions,
but we found an effect of successional state.
In this way, we suggest that soil condition and
species composition of each successional stage
were determining factors in the differences
found in decomposition rates (Coleman et al.,
2018; Schilling et al., 2016).

The results of this study show that changes
in the litterfall contribution, nutrient potential
return and use efficiency, and decomposition
can be indicators of biogeochemical cycles
recovery in TDFs (Castellanos-Barliza, Ledén-
Peldez, & Campo et al,, 2018; Celentano et al.,
2011; Gei & Powers, 2014). These ecological
processes could be used in ecological resto-
ration monitoring programs, with emphasis
on the ecosystem functions recovery and soil
restoration (Celentano et al., 2011; Restrepo et
al,, 2013). Another relevant aspect in ecological
restoration is the species selection according to
land degradation, landscape context, economic

and social factors (Lamb & Gilmour, 2003).
In this way, these ecological processes provide
valuable information for species selection that
facilitate biogeochemical cycles reestablishment
(Celentano et al., 2011).

Applied to ecological restoration, fast-
growing species with a high nutrient return
and high decomposition rates (e.g., G. ulmi-
folia, R. pubescens and C. paraense) could be
incorporated in degraded sites, which help to
recover the soil structure (Castellanos-Barliza
et al,, 2019) In early stages, species such as A.
graveolens and S. mombin can favor the con-
tinuous supply of litterfall and rapid nutrient
release (associated with high decomposition),
promoting better microclimatic conditions for
the gradual species of advanced stages of suc-
cession establishment. On the other hand, in
intermediate and late forests, T. oligofoliolata
and A. excelsum are key species in net primary
productivity and carbon storage, due to their
high production and accumulation of litterfall.

Ethical statement: the authors declare that
they all agree with this publication and made
significant contributions; that there is no con-
flict of interest of any kind; and that we fol-
lowed all pertinent ethical and legal procedures
and requirements. All financial sources are fully
and clearly stated in the acknowledgments sec-
tion. A signed document has been filed in the
journal archives.

ACKNOWLEDGMENTS

To the research project “Biodiversity and
ecosystem services evaluation in a Colom-
bian tropical dry forest” financed by Alexander
von Humboldt Biological Resources Research
Institute. To the research project 3-10-621-20
support by Research Center at the Universidad
Distrital (CIDC). The authors would like to
thank Gonzalo de las Salas and Angela Parrado
at the Universidad Distrital Francisco José Cal-
das for their help with revised former versions
of this manuscript. Many thanks to the entire
staff of the RNSC Jabiru, RNSC Tambor and



—®
14 Revista de Biologia Tropical, ISSN: 2215-2075 Vol. 71: e52278, enero-diciembre 2023 (Publicado Ago. 24, 2023) @ BY

Hacienda San Felipe for their gracious support.
Walter Garcia helped in data analysis.

REFERENCES

Aerts, R., & Chapin, E S. (1999). The mineral nutrition of
wild plants revisited: A re-evaluation of processes and
patterns. Advances in Ecological Research, 30, 1-67.

Aryal, D. R, De Jong, H. J. B., Ochoa-Gaona, S., Mendoza-
Vega, J., & Esparza-Olguin, L. (2015). Successional
and seasonal variation in litterfall and associated
nutrient transfer in semi-evergreen tropical forests
of SE Mexico. Nutrient Cycling in Agroecosystems,
103(1), 45-60.

Barreto da Silva, W., Périco, E., Dalzochio, M., Santos, M.,
& Cajaiba, R. (2018). Are litterfall and litter decom-
position processes indicators of forest regeneration
in the neotropics? Insights from a case study in the
Brazilian Amazon. Forest Ecology and Management,
429, 189-197.

Bates, D., Michler, M., Bolker, B., & Walker, S. (2015). Fit-
ting linear mixed-effects models using Ime4. Journal
of Statistical Software, 67(1).

Becknell, J. M., & Powers, J. S. (2014). Stand age and soils
as drivers of plant functional traits and aboveground
biomass in secondary tropical dry forest. Canadian
Journal of Forest Research, 44(6), 604-613.

Campo, J. (2016). Shift from ecosystem P to N limitation
at precipitation gradient in tropical dry forests at
Yucatan, Mexico. Environmental Research Letters,
11(9), 1-11.

Campo, J., Maass, M., Jaramillo, V. J., Martinez-Yrizar, A., &
Sarukhaén, J. (2001). Phosphorus cycling in a Mexican
tropical dry forest ecosystem. Biogeochemistry, 53,
161-179.

Campo, J., & Merino, A. (2019). Linking organic P dyna-
mics in tropical dry forests to changes in rainfall
regime: Evidences of the Yucatan Peninsula. Forest
Ecology and Management, 438, 75-85.

Castellanos-Barliza, J., Blanco-Rodriguez, O., & Ledn-
Peldez, J. (2019). Planted forests for open coal mine
spoils rehabilitation in Colombian drylands: Con-
tributions of fine litterfall through an age chronose-
quence. Ecological Engineering, 138, 180-187.

Castellanos-Barliza, J., Ledn-Peldez, J., Armenta-Martinez,
R., Barranco-Pérez, W., & Caicedo-Ruiz, W. (2018).
Contributions of organic matter and nutrients via leaf
litter in an urban tropical dry forest fragment. Revista
de Biologia Tropical, 66(2), 571-585.

Castellanos-Barliza, ., Ledn-Peldez, J., & Campo, J. (2018).
Recovery of biogeochemical processes in restored
tropical dry forest on a coal mine spoil in La Guajira,

Colombia. Land Degradation and Development, 29(9),
3174-3183.

Celentano, D., Zahawi, R., Finegan, B., Casanoves, F, Cole,
R., & Holl, K. (2011). Restauracién ecoldgica de
bosques tropicales en Costa Rica: efecto de diferentes
modelos en la produccién, acumulaciéon y descom-
posicién de hojarasca. Revista de Biologia Tropical,
59(3), 1-14.

Chazdon, R. (2014). Second growth:The promise of tropical
forest regeneration in an age of deforestation. The Uni-
versity of Chicago Press.

Clark, D. A., Brown, S., Kicklighter, D., Chambers, J.,
Thomlinson, J., & Ni, J. (2001). Measuring Net Pri-
mary Production in Forests: Concepts and Field
Methods. Ecological Applications, 11(2), 356-370.

Coleman, D. C,, Callaham, M. A., & Crossley, D. A. (2018).
Decomposition and nutrient cycling. In D. Coleman,
M. A. Callaham, & D. A. Crossley (Eds.), Fundamen-
tals of Soil Ecology (pp. 173-211). Academic Press.

Conti, G., & Diaz, S. (2013). Plant functional diversity and
carbon storage - an empirical test in semi-arid forest
ecosystems. Journal of Ecology, 101(1), 18-28.

Cornwell, W.,, Cornelissen, J. H., Amatangelo, K., Dorre-
paal, E., Eviner, V., Godoy, O., Hobbie, S., Hoorens,
B., Kurokawa, H., Pérez-Harguindeguy, N., Quested,
H., Santiago, L., Wardle, D., Wright, L, Aerts, R.,
Allison, S., Van Bodegom, P, Brovkin, V., Chatain,
A., ... Westoby, M. (2008). Plant species traits are the
predominant control on litter decomposition rates
within biomes worldwide. Ecology Letters, 11(10),
1065-1071.

Fernandez-Mendez, E., Melo, O., Alvarez, E., Perez, U, &
Lozano, A. (2014). Status of knowledge, Conserva-
tion and Management of Tropical Dry Forest in the
Magdalena River Valley, Colombia. In A. Sanchez-
Azofeifa, ]. Powers, G. W. Fernandes, & M. Quesada
(Eds.), Tropical Dry Forests in the Americas (pp.
35-54). CRC Press.

Finegan, B., Pena-Claros, M., de Oliveira, A., Ascarrunz, N.,
Bret-Harte, M., Carrefio-Rocabado, G., Casanoves,
E, Diaz, S., Eguiguren-Velepucha, P, Fernandez, E,
Licona, J., Lorenzo, L., Salgado-Negret, B., Vaz, M.,
& Poorter, L. (2015). Does functional trait diversity
predict above-ground biomass and productivity of
tropical forests? Testing three alternative hypotheses.
Journal of Ecology, 103(1), 191-201.

Garcia Villalobos, D. (2020). Potencial de regeneracion del
bosque seco tropical a lo largo de un gradiente sucesio-
nal en el valle del Rio Magdalena. Universidad Distri-
tal Francisco José de Caldas, Colombia.

Gei, M., & Powers, J. (2014). Nutrient cycling in tropical dry
forests. In A. Sanchez-Azofeifa, J. Powers, G. Fernan-
des, & M. Quesada (Eds.), Tropical Dry Forests in the
Americas (pp. 141-154). CRC Press.



—(D
Revista de Biologia Tropical, ISSN: 2215-2075, Vol. 71: €52278, enero-diciembre 2023 (Publicado Ago. 24, 2023) 15

Gonzalez-M, R., Norden, N., Posada, J., Pizano, C., Gar-
cia, H., Iddrraga-Piedrahita, A., Lépez-Camacho,
R., Nieto, J., Rodriguez-M, G., Torres, A., Castafio-
Naranjo, A., Jurado, R., Franke-Ante, R., Galindo-T,
R., Hernandez, E., Barbosa, A., & Salgado-Negret, B.
(2019). Climate severity and land-cover transforma-
tion determine plant community attributes in Colom-
bian dry forests. Biotropica, 51(6), 826-837.

Gonzalez-Rodriguez, H., Dominguez-Gémez, T. G., Cantu-
Silva, I, Gomez-Meza, M. V., Ramirez-Lozano, R.
G., Pando-Moreno, M., & Fernandez, C. J. (2011).
Litterfall deposition and leaf litter nutrient return
in different locations at Northeastern Mexico. Plant
Ecology, 212(10), 1747-1757.

Graca, M. A. S., Barlocher, F, & Mark, G. O. (2005).
Methods to study litter decomposition. A practical
guide. Springer.

Grime, J. (1998). Benefits of plant diversity to ecosystems:
immediate fillter and founder effects. Journal of Eco-
logy, 86, 902-910.

Honorio, E. N., & Baker, T. (2010). Manual para el moni-
toreo del ciclo del carbono en bosques amazonicos.
Instituto de Investigaciones de la Amazonia Peruana,
Universidad de Leeds, United Kingdom.

Huang, Y., Ma, Y., Zhao, K., Niklaus, P. A., Schmid, B., &
He, J. (2017). Positive effects of tree species diversity
on litterfall quantity and quality along a secondary
successional chronosequence in a subtropical forest.
Journal of Plant Ecology, 10(1), 28-35.

Hulshof, C., Martinez-Yrizar, A., Burquez, A., & Enquist, B.
(2014). Plant functional trait variation in tropical dry
forests: A review and synthesis. In A. Sanchez-Azo-
feifa, J. Powers, G. Fernandes, & M. Quesada (Eds.),
Tropical Dry Forests in the Americas (pp. 133-144).
CRC Press.

IGAC. (2004). Estudio general de suelos y zonificacién de
tierras. Departamento del Tolima. Escala 1: 100000.
IGAC.

Lamb, D., & Gilmour, D. (2003). Rehabilitation and Restora-
tion of Degraded Forests. TUCN.

Lopezaraiza-Mikel, M., Quesada, M., Daniel, L., & Caba-
dilla, A. (2014). Phenological patterns of tropical dry
forest along latitudinal and successional gradients in
the Neotropics. In A. Sanchez-Azofeifa, J. Powers, G.
Fernandes, & M. Quesada (Eds.), Tropical Dry Forests
in the Americas (pp. 102-126). CRC Press.

Meeds, J. A., Marty Kranabetter, J., Zigg, I., Dunn, D., Miros,
E, Shipley, P, & Jones, M. D. (2021). Phosphorus defi-
ciencies invoke optimal allocation of exoenzymes by
ectomycorrhizas. ISME Journal, 15(5), 1478-1489.

Meister, K., Ashton, S., Craven, D., & Griscom, H. (2012).
Carbon dynamics of tropical forests. In M. S. Ash-
ton, M. L. Tyrrell, D. Spalding, & B. Gentry (Eds.),

Managing Forest Carbon in a Changing Climate (pp.
51-75). Springer Science & Business Media.

Morffi-Mestre, H., Angeles-Pérez, G., Powers, J. S., Andra-
de, J., Ruiz, A. H., May-Pat, E, Chi-May, E,, & Dupuy,
J, M. (2020). Multiple factors influence seasonal and
interannual litterfall production in a tropical dry
forest in mexico. Forests, 11(12), 1-23.

Murphy, P, & Lugo, A. (1986). Ecology of tropical dry
forest. Annual Review of Ecology Evolution and Syste-
matics, 17, 67-88.

Ostertag, R., Marin-Spiotta, E., Silver, W. L., & Schulten, J.
(2008). Litterfall and decomposition in relation to soil
carbon pools along a secondary forest chronosequen-
ce in Puerto Rico. Ecosystems, 11(5), 701-714.

Pizano, C., & Garcia, H. (2014). El Bosque Seco Tropical en
Colombia. Instituto de Investigacion de Recursos Bio-
légicos Alexander von Humboldt, Colombia.

Polania, K. (2019). Biomasa aérea en estados sucesionales
del bosque seco tropical en el norte del Tolima, Colom-
bia. Universidad Distrital Francisco José de Caldas,
Colombia.

Portillo-Quintero, C., & Sinchez-Azofeifa, G. (2010).
Extent and conservation of tropical dry forests in the
Americas. Biological Conservation, 143(1), 144-155.

Quesada, M., Sanchez-Azofeifa, G., Alvarez-Aforve, M.,
Stoner, K. E., Avila-Cabadilla, L., Calvo-Alvarado,
J., Castillo, A., Espirito-Santo, M. M., Fagundes, M.,
Fernandes, G. W., Gamon, J., Lopezaraiza-Mikel,
M., Lawrence, D., Cerdeira, L., Powers, J. S., Neves,
E de S., Rosas-Guerrero, V., Sayago, R., & Sanchez-
Montoya, G. (2009). Succession and management of
tropical dry forests in the Americas: Review and new
perspectives. Forest Ecology and Management, 258,
1014-1024.

R Core Team. (2020). R: A language and environment
for statistical computing (Software). R Foundation
for Statistical Computing. Vienna, Austria. https://
www.R-project.org/

Read, L., & Lawrence, D. (2003). Litter nutrient dynamics
during succession in dry tropical forests of the Yuca-
tan: regional and seasonal effects. Ecosystems, 6(8),
747-761.

Restrepo, M. E, Florez, C. P, Osorio, N. W,, & Leon, J.
D. (2013). Passive and active restoration strategies
to activate soil biogeochemical nutrient cycles in a
degraded tropical dry land. ISRN Soil Science, 3, 1-6.

Ribeiro, ., Pereira, M., Gadiolj, J., & Raposo de Almeida, J.
(2020). Litterfall dynamics and nutrient cycling in an
experimental plantation of peach palm (Bactris gasi-
paes Kunth). Floresta e Ambiente, 27(2), 1-9.

Salgado-Negret, B., Rodriguez-Buriticd, S., & Gonzalez-M,
R. (2017). Evaluacion de la biodiversidad y los servicios



—®
16 Revista de Biologia Tropical, ISSN: 2215-2075 Vol. 71: e52278, enero-diciembre 2023 (Publicado Ago. 24, 2023) @ BY

ecosistémicos del bosque seco tropical. Instituto de
Investigacion en Recursos Biologicos Alexander von
Humboldt, Colombia.

Sanchez-Silva, S., De Jong, B. H. ], Aryal, D. R., Huerta-
lwanga, E., & Mendoza-Vega, J. (2018). Trends in leaf
traits , litter dynamics and associated nutrient cycling
along a secondary successional chronosequence of
semi-evergreen tropical forest in South-Eastern Mexi-
co. Journal of Tropical Ecology, 34, 364-377.

Saynes, V., Hidalgo, C., Etchevers, J. D., & Campo, J. (2005).
Soil C and N dynamics in primary and secondary
seasonally dry tropical forests in Mexico. Applied Soil
Ecology, 29(3), 282-289.

Schilling, E. M., Waring, B. G., Schilling, J. S., & Powers, J. S.
(2016). Forest composition modifies litter dynamics
and decomposition in regenerating tropical dry forest.
Oecologia, 182(1), 287-297.

Souza, S., Veloso, M. D., Espirito-Santo, M., Silva, J., &
Sénchez-Azofeifa, A. (2019). Litterfall dynamics along
a successional gradient in a Brazilian tropical dry
forest. Forest Ecosystems, 6(35), 1-12.

Steidinger, B. S., Crowther, T. W,, Liang, J., Van Nuland, M.
E., Werner, G. D. A,, Reich, P. B., Nabuurs, G., De-
Miguel, S., Zhou, M., Picard, N., Herault, B., Zhao, X.,
Zhang, C., Routh, D., & Peay, K. G. (2019). Climatic
controls of decomposition drive the global biogeo-
graphy of forest-tree symbioses. Nature, 569(7756),
404-408.

Valdespino, P, Romualdo, R., Cadenazzi, L., & Campo, J.
(2009). Phosphorus cycling in primary and secondary
seasonally dry tropical forests in Mexico. Annals of
Forest Science, 66(1), 107.

Villalobos, S. de C., Gonzalez-Carcacia, J., Rodriguez, J.,
& Nassar, J. (2014). Interspecific and Interannual
variation in foliar phenological patterns in a succes-
sional mosaic of a dry forest in the central llanos of
Venezuela. In A. Sanchez-Azofeifa, J. Powers, G. W.
Fernandes, & M. Quesada (Eds.), Tropical Dry Forests
in the Americas (pp. 301-324). CRC Press.

Vitousek, P. (1984). Litterfall, nutrient cycling, and nutrient
limitation in tropical forests. Ecology, 65(1), 285-298.

Vitousek, P. M., & Sanford, R. L. (1986). Nutrient cycling in
moist tropical forest. Ecology, 17, 137-167.

Waring, B. G., De Guzman, M. E., Du, D. V,, Dupuy, J]. M.,
Gei, M., Gutknecht, J., Hulshof, C., Jelinski, N., Mar-
genot, A. J., Medvigy, D., Pizano, C., Salgado-Negret,
B., Schwartz, N. B., Trierweiler, A. M., Van Bloem, S.
J., Vargas G., G., & Powers, J. (2021). Soil biogeoche-
mistry across Central and South American tropical
dry forests. Ecological Monographs, 91(3), e10453.

Xuluc-Tolosa, E, Vester, H. E, Ramirez-Marcial, N., Caste-
llanos-Albores, J., & Lawrence, D. (2003). Leaf litter
decomposition of tree species in three successional
phases of tropical dry secondary forest in Campeche,
Mexico. Forest Ecology and Management, 174(1-3),
401-412.



