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Abstract: Tropical dry forests (TDFs) represent 42% of all tropical forests; they are extensive, but little
is known of their structure and function. The fine litterfall represents the main route of circulation
of organic materials and nutrients in these ecosystems. The objective of this study was to compare
several remnants of TDFs located in contrasting landscape units—Mountain and Lomerio—and
with different precipitation, in terms of the fluxes of organic materials to the soil, derived from the
production of fine litterfall from the canopy. The fine litterfall (including woody material up to 2 cm
in diameter) was collected monthly from April 2020 to March 2021, in 29 circular plots of 500 m2

randomly established. High rates of litterfall were recorded in the Lomerio landscape (4.9 Mg ha−1)
than in the Mountain landscape (4.5 Mg ha−1). The monthly leaf litter production showed clear
seasonal patterns, which were largely driven by the importance of the species in the landscape and
the effect of precipitation during the study. Annual fine litter production observed in this study in
comparison with other TDFs indicates relevant productivity levels, which contribute to the activation
of biogeochemical cycles and improved ecosystem functionality.

Keywords: biogeochemical cycles; mountain landscape; lomerio landscape; Astronium graveolens;
Pterocarpus acapulcensis

1. Introduction

Tropical forests play an important role in the dynamics of the global carbon cycle,
particularly through their fixation from the atmosphere and subsequent accumulation in
plant biomass and soil [1,2]. In fact, as a result of their interactions with the planetary
climate system, these ecosystems support 30–40% of the net primary productivity of
terrestrial ecosystems [3,4].

Among tropical forests, seasonally dry forests (TDFs) account for 42% of the world’s
tropical forests [5], are extensive, but little known in their structure and function compared
to tropical rainforests [6,7]. In the Neotropical region, TDFs have been globally reduced
by 49% to 66% of their original coverage, occurring in patches, immersed in landscapes
dominated by crops and livestock areas [8,9].

Among the main nutrient cycling routes in tropical dry forests, the following stand out
as nutrient inputs: biological nitrogen fixation, and atmospheric deposition by precipitation
or dry deposition, which include gases and particulate matter, such as those from the
Sahara [10,11]. However, the main route of nutrient cycling in the TDFs is represented
by the fine litterfall from the canopy, which, after its decomposition, favors the gradual
incorporation of organic materials of different nature into the soil [12,13].
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Therefore, it supports net primary productivity, carbon stock accumulation, and soil
fertility [14]. In addition, it represents one of the major indicators in the assessment
of the recovery of ecosystem functions in degraded forests and can provide a basis for
understanding the responses of forest ecosystems to climate change [15,16].

In particular, the potential returns of organic matter and nutrients to the soil through
fine litterfall in TDFs differ quantitatively and qualitatively on a seasonal and annual basis
for each site studied [17]. Furthermore, they can be affected by multiple factors such as soil
nutrient availability, precipitation, the successional state of the vegetation, its structure, and
composition [18–20]. In addition, return rates can be directly regulated by the production
and chemistry of leaf litter and its foliar, reproductive, and woody components [15,21].
Therefore, monitoring of fine litter can be considered a key parameter in the study and
recovery of ecosystem functions within TDFs.

The remnants of TDFs in the Colombian Caribbean cover an area of about 420,000 ha
(data from [22]) and are highly degraded and transformed as a consequence of their
replacement by productive systems and rapid urban growth, determining small, isolated
patches as the dominant matrix of the landscape [23]. Consequently, the representation of
tropical dry forests in this region is dominated by isolated patches of secondary forests and
not by native forests, whose current conservation status is due to voluntary decisions by
the owners of the areas where these patches are located.

This study was conducted in several remnants of these secondary forests in the
department of Magdalena, where the current representation of this ecosystem is close to
23% (ca. 94,600 ha) of the total of the Colombian Caribbean. The objective of the study
was to compare the fluxes of organic materials to the soil through fine litterfall in tropical
dry secondary forests located in contrasting landscape units (Lomerio and Montaña). The
Mountain landscape, unlike the Lomerio landscape, is characterized by steep slopes and
higher rainfall, factors that potentially affect surface geomorphological processes and,
consequently, the biogeochemical cycle and the forest soils located in them. In particular,
given that the two types of landscape where these forests are located have a differential
influence on the factors associated with the contribution of organic matter via fine litterfall,
the following hypothesis was proposed: In the forests located in the Lomerio landscape,
the highest fertility and soil clay content, resulting from less soil erosion compared to the
Mountain landscape, favors higher rates of fine litter production. Although the amount
of rainfall in both landscapes is different, it is expected that the main determinants of
litter production rates result from the differentiation established by the type of landscape
on the soil.

We hope that the results of this study will be useful for the design of management mea-
sures for the secondary forests of the Colombian Caribbean, thus contributing to the assur-
ance of key ecosystem functions, particularly those associated with biogeochemical cycles.

2. Materials and Methods
2.1. Study Area

Sampling sites were located in two large landscape units, Mountain and Lomerio, in
Magdalena, Colombia (Figures 1 and 2). In each landscape, two patches of secondary dry
forest were selected (Mountain landscape: ARA 1 and ARA 2, and Lomerio landscape:
PLA 3 and SBP 4). The landscapes presented clear differences in topography and precipi-
tation regime. In particular, the Mountain landscape is characterized by the presence of
high hills and steep slopes between 45–55%, a mean annual temperature of 27.4 ◦C and
mean annual precipitation of 1551 mm, with a rainy period of eight months of higher
precipitation from April to November (Figure 1). These characteristics favor the potential
development of erosion processes of the land surface, as the surface runoff has a greater
capacity to drag organic matter and soil particles towards the low areas. [24]. In contrast,
the Lomerio landscape is characterized by low hills of lower slopes, between 5–10%, and
moderate undulations. The mean temperature is 28.1 ◦C and the mean annual precipitation
is 1112 mm, with a less intense rainy period of seven months (Figure 1, from April to
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October). Under these conditions of topography and precipitation, the redistribution of
rainwater potentially determines preferential flow, infiltration, and not surface runoff [25].
Consequently, in this landscape, unlike what happens in the Mountain landscape, potential
soil erosion is lower, with accumulation processes predominating on the surface of the land.
As a result of the influence of the different characteristics described for both landscapes,
as well as the effect of the vegetation, the soils present differences in their physical and
chemical properties (Table 1). In the Mountain landscape, the soils have sandy textures,
slightly acidic pH, higher Bulk density, low P content, and high exchangeable bases, partic-
ularly high Calcium and Magnesium values. Consequently, these soils exhibit a high cation
exchange capacity (CEC). In contrast, the soils of the Lomerio landscape have a clayey
texture, moderately to slightly acidic pH, high contents of P, low exchangeable bases, and
consequently a low cation exchange capacity (CEC).

In general, structural characteristics and species composition were similar in both land-
scapes. The vegetation is typical of the TDFs, dominated by trees that can reach between
10–12 m in height and closed canopy (Table 1), with the dominance in a greater proportion
of species of the family Fabaceae (Leguminous plants), such as Pterocarpus acapulcensis Rose,
Machaerium goudotii Benth. and Acacia collinsii Saff. In a lesser proportion appear the families
Anacardiaceae, Capparaceae, Boraginaceae, and Malvaceae, such as Astronium graveolens
Jacq., Spondias mombin L., Quadrella odoratissima (Jacq.) Hutch., Oken, Cordia alliodora Ruiz
and Pav., Guazuma ulmifolia Lam. and Pseudobombax septenatum (Jacq.) Dugand.
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Figure 1. Study area and climatographs indicating air temperature and precipitation. Mountain
landscape: ARA 1 and ARA 2; Lomerio landscape: PLA 4 and SBP 5. Annual precipitation and
temperature were 1551 mm and 27.4 ◦C for the Mountain landscape, respectively, and 1112 mm and
28.1 ◦C for the Lomerio landscape, during the long-term record (1958–2019).
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Figure 2. Landscape characteristics and diameter structure in TDFs in Magdalena, Colombia.

The dominant matrix around each TDFs presented high intervention by livestock
activities and the presence of corn, bean, and cassava crops.
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Table 1. Structural characteristics and physicochemical properties of soils (0–20 cm) in TDFs in
Magdalena, Colombia. Mean ± SE (n = 9 plots for Mountain landscapes, and n = 12 plots for Lomerio
landscapes). D: density (trees ha−1) of trees with DBH (tree diameter at breast height) > 10 cm,
G: basal area (m2 ha−1), H: height (m), IVI: importance value -index, CEC: cation exchange capacity,
ρ: bulk density.

Parameters
Structural Characteristics
Mountain Landscape Lomerio Landscape
ARA 1 ARA 2 PLA 3 SBP 4

Age (years) >40 >40 >40 >40
D (tree ha−1) 628 ± 49.80 444 ± 62.21 468 ± 40.99 490 ± 50.83
DBH mean (cm) 21 ± 1.33 19 ± 1.24 19 ± 1.21 20 ± 2.54
G (m2 ha−1) 26 ± 3.92 14 ± 2.10 17 ± 2.97 20 ± 4.32
H (m) 11 ± 0.65 10 ± 0.74 12 ± 1.27 11 ± 0.63

Dominant species (IVI)

A. graveolens (27) P. acapulcensis (50) C. baducca (68) P. acapulcensis (55)
R. chryseum (23) M. goudotii (29) Q. odoratissima (60) A. graveolens (53)
A. inermis (22) A. graveolens (17) A. graveolens (41) S. mombin (32)
C. alliodora (19) S. mombin (16) P. septenatum (17) A. collinsii (24)
T. oblonga (18) G. ulmifolia (16) C. alliodora (13) P. pinnatum (16)

Soil physicochemical characteristics
BD (g/cm3) 1.5 ± 0.05 1.3 ± 0.10 1.1 ± 0.08 1.1 ± 0.03
Sand (%) 65.6 ± 1.60 64.8 ± 4.07 18.0 ± 2.97 3.9 ± 1.27
Silt (%) 18.4 ± 0.74 16.7 ± 0.63 27.7 ± 1.31 22.0 ± 2.40
Clay (%) 16.1 ± 1.06 18.5 ± 3.10 54.3 ± 4.08 74.1 ± 3.14
pH (1:2) 6.4 ± 0.50 6.5 ± 0.24 6.4 ± 0.23 5.7 ± 0.10
C (%) 1.6 ± 0.23 1.3 ± 0.15 1.9 ± 0.33 1.6 ± 0.23
N (%) 0.2 ± 0.02 0.2 ± 0.02 0.2 ± 0.04 0.2 ± 0.17
C/N 9.4 ± 11.0 8.5 ± 9.7 8.1 ± 7.6 9.6 ± 1.4
P (mg/kg) 4.9 ± 0.44 5.7 ± 2.42 24.1 ± 6.30 35.3 ± 4.14
N/P 400.5 ± 1.23 293.5 ± 0.18 116.7 ± 0.40 56.0 ± 0.12
K (cmol (+)/kg) 0.2 ± 0.05 0.2 ± 0.10 0.7 ± 0.14 0.8 ± 0.23
Ca (cmol (+)/kg) 3.2 ± 1.00 2.6 ± 0.84 12.0 ± 2.50 7.8 ± 0.91
Mg (cmol (+)/kg) 0.8 ± 0.07 0.9 ± 0.40 7.0 ± 0.60 7.1 ± 0.70
CEC (cmol (+)/kg) 4.7 ± 0.77 3.8 ± 0.86 19.8 ± 2.11 16.2 ± 1.46

2.2. Sampling Design and Monitoring

A total of 21 circular plots of 500 m2 were randomly established in TDFs. Nine plots
were distributed in the Mountain landscape (4 plots in ARA 1, and 5 plots in ARA 2), and
12 in the Lomerio landscape (6 plots in PLA 3, and 6 plots in SBP 4). Within each plot,
all tree individuals ≥10 cm DBH (diameter at breast height: 1.3 m) were identified and
measured. Species that could not be identified in the field had leaf, flower, or fruit samples
collected, photographed, and subsequently identified in the herbarium of the University of
Magdalena. The height (H) of each individual was recorded and some characteristics of the
terrain and intervention activities were described.

For a period of 12 months (April 2020–March 2021), the production of fine litterfall
was monitored monthly. A total of 150 litterfall traps were installed, distributed as follows:
(35) ARA 1, (40) ARA 2, (40) PLA 3, and (35) SBP 4. The traps consisted of circular hoops of
0.5 m2 and were constructed with fine mesh fabric [8]. The collected material was taken
to the laboratory, separated into different fractions: Total leaf litter, Reproductive material
(flowers and fruits, and their constituent parts), Woody material (up to <2 cm in diameter),
and Other remains (unidentifiable or miscellaneous material). The foliar contributions of
the four most dominant tree species in the landscapes were also individually separated:
Leaf litter A. graveolens, Leaf litter P. pinnatum, Leaf litter C. alliodora, Leaf litter P. acapulcensis,
and the contributions of the leaf litter of the other species. Subsequently, the separated
material was subjected to the oven at a temperature of 65 ◦C, until a constant dry weight
was obtained. The dry weight of each fraction was recorded and the sum of the weights of
all the individual fractions represented the total weight of the fine litterfall.
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Composite soil samples were collected from three plots from each TDF, six in total for
each landscape at a depth of 0–20 cm. These samples were packed, marked, and sent to the
laboratory of the International Center for Tropical Agriculture in Palmira, for the determina-
tion of texture (clay, silt, and sand; Bouyoucos method), carbon, and nitrogen by combustion
in Elemental Analyzer. Available soil P was determined by the Bray II/ L-ascorbic acid
method and colorimetry; Bulk density (ρ) was determined by taking undisturbed soil sam-
ples in the field (0–20 cm depth), through the ring method [26]. Subsequently, they were
taken to the laboratory and dried at 105 ◦C for 48 h. The BD was obtained by dividing the
dry mass of the soil (Mss) by the volume of the cylinder (g cm−3). Soil pH was determined
by a glass electrode (soil: water ratio,1:2). The exchangeable Ca2+, Mg2+, K+, and Na+

were extracted with 1 M ammonium acetate solution at pH 7 and their concentrations
were measured with flame atomic absorption spectroscopy. The Cation Exchange Capacity
(CEC) was determined by the sum of Ca 2+ + Mg 2+ + K+ + Na+ +Al3+ + H+ [26].

2.3. Data Analyses and Processing

Student‘s t-tests were performed to determine significant differences (p < 0.05) between
landscapes for each of the fine litter fractions. Spearman correlation coefficients were calcu-
lated to test the correlation between total precipitation and monthly production patterns
of fine litterfall fractions. Principal Component Analysis (PCA) was performed to explore
the relationships between fine litter production variables (LL: total leaf litter; FL: total fine
litter), structural characteristics of the TDFs (G: Basal area, H: height, D: tree density) and
environmental characteristics (Soil: pH, Clay, Sand, CEC, C, N; Climate: precipitation).
All statistical analyses were performed using Statgraphics Centurion XVII software and
R version 3.5.3 (Vegan package).

2.4. Climatic Data

Precipitation and temperature data were obtained from the historical record between
1958 and 2019 from [27] and from the CHIRPS global database. The latter manages a
quasi-global dataset (covering the area between 50◦ N and 50◦ S) developed by the U.S.
Geological Survey Earth Resources Observation and Science Center CHIRPS available
online (http://chg.geog.ucsb.edu/data/chirps/; accessed on 7 December 2021). Details of
the CHIRPS database can be found at [28].

3. Results
3.1. Annual Fine Litterfall

Significant differences were observed in the annual rate of fine litter production be-
tween landscapes (Table 2, p ≤ 0.05). Particularly, higher rates were recorded in the Lomerio
landscape (4.9 Mg ha−1) than in the Mountain landscape (4.5 Mg ha−1). Total fine litter-
fall was dominated by the leaf fraction, representing more than 70% for both landscapes.
Among dominant species, higher leaf production rates were observed for A. graveolens
(0.5 Mg ha−1 y−1) and P. acapulcensis (0.3 Mg ha−1 y−1) in the Lomerio landscape. In con-
trast, lower values were observed for C. alliodora (0.01 Mg ha−1 y−1) in Mountain and
P. pinnatum (0.03 Mg ha−1 y−1) in Lomerio.

Table 2. Annual contributions of fine litterfall (kg ha−1 y−1) in landscapes of Magdalena, Colombia.
The similar letters indicate no statistically significant differences (p > 0.05). Mean ± SE (n = 9 plots for
Mountain landscapes, and n = 12 plots for Lomerio landscapes).

Fine Litter Fractions
Landscapes
Mountain Lomerio

Leaf litter A. graveolens 115.5 ± 38.97 b 529.9 ± 180.97 a
Leaf litter P. pinnatum 138.1 ± 43.69 a 10.9 ± 3.48 b
Leaf litter C. alliodora 31.1 ± 7.26 a 83.5 ± 27.95 a
Leaf litter P. acapulcensis 312.3 ± 85.08 a 371.7 ± 157.87 a
Leaf litter other species 2733.2 ± 116.97 a 2698.4 ± 219.85 a

http://chg.geog.ucsb.edu/data/chirps/
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Table 2. Cont.

Fine Litter Fractions
Landscapes
Mountain Lomerio

Total leaf litter 3330.2 ± 114.06 b 3691.4 ± 130.57 a
Reproductive material 164.1 ± 41.54 a 71.1 ± 18.85 b
Woody material 502.9 ± 31.61 a 552.2 ± 28.87 a
Other remains 533.4 ± 78.08 a 574.9 ± 39.21 a
Total fine litterfall 4530.6 ± 175.43 a 4889.5 ± 160.17 b

3.2. Litterfall Seasonality

Significant correlations were recorded (p ≤ 0.05) between total precipitation and
monthly production patterns of fine litter fractions (Figure 3). Specifically, negative correla-
tions were observed for Other remains (r = −0.63; p = 0.0376) in the Mountain landscape,
and leaf litter (r = −0.90; p = 0.0028) and reproductive material (r = −0.61; p = 0.0436) for the
Lomerio landscape. In general, for both landscapes, all fractions registered higher monthly
production peaks between December and March during the months of lower precipita-
tion and lower between April and November during the months of higher precipitation
(Figure 3).
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Figure 3. Monthly production of litter fractions (kg ha−1) in landscapes of Magdalena, Colom-
bia. ppt: precipitation. Mean ± SE (n = 9 plots for Mountain landscape, and n = 12 plots for
Lomerio landscape).

Different patterns in the monthly distribution of leaf litter among dominant species
were observed (Figure 4). Leaf litterfall of A. graveolens (r = −0.75; p < 0.0125), P. acapulcensis
(r = −0.60; p = 0.0483) and P. pinnatum (r = −0.88; p < 0.0035) showed a negative corre-
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lation with total precipitation in the Mountain landscape. Additionally, leaf litterfall of
A. graveolens (r = −0.83; p < 0.0058) and C. alliodora (r = −0.66; p = 0.0276) for the Lomerio
landscape. Thus, maximum values between October and March and lower values between
April and September were observed for both species in the months of less precipitation. On
the other hand, the species P. pinnatum and C. alliodora recorded lower and almost constant
contributions throughout the year of study.
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Figure 4. Monthly production of Leaf litter (kg ha−1) of the dominant species in landscapes of
Magdalena, Colombia. ppt: precipitation. Mean ± SE (n = 9 plots for Mountain landscapes, and
n = 12 plots for Lomerio landscapes).

The first four components (PCA) explained 91.4% of the total variation (Figure 5). The
46.9% of the variability was explained by the first axis (PCA 1) and 20.6% by the second
(PCA 2). In general, differences between the landscapes were observed along the ordination
axes. For the first component (PCA 1), positive associations were observed for ppt (r = 0.44),
Clay (r = 0.42), CEC (r = 0.41) and negative for Sand (r = −0.44). The second component
(PCA 2) was positively associated with C (r = 0.57), N (r = 0.49), and negatively with pH
(r = −0.32).
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Figure 5. Correlation between the two components (PC 1 and PC 2) derived from two Principal
Component Analyses of the landscapes in Magdalena, Colombia. M: Mountain landscape; L: Lomerio
landscape; C: soil carbon content; P: Available soil P; ppt: precipitation; N: soil nitrogen content;
CEC: cation exchange capacity; G: stand basal area; FL: total fine litterfall; LL: total leaf litter;
ppt: precipitation.

4. Discussion

The present study showed the importance of monitoring fine litter production as a
functional ecological process from the landscape point of view in secondary dry forests
of the Colombian Caribbean. Information at this scale is scarce and local anthropogenic
factors such as agriculture and cattle ranching can affect both short and long-term inputs
of organic materials by this route. Consequently, this may have strong implications on
nutrient cycling that supports net primary productivity, carbon stock, and soil fertility in
TDFs [14,29].

The results of this study partially supported our hypothesis, which states that soil
conditions in the landscape were determinant for the high litterfall rate. However, precipi-
tation also had a strong effect on the litterfall inputs and their seasonal patterns during the
study. Therefore, although different studies indicate that climate, soil fertility, structural
characteristics, species composition, anthropogenic intervention, among others, influence
the rate of fine litter production [14,19,30–32]; we consider the synergistic effect of these
multiple factors to a greater or lesser extent over time. For this study, the combined effect
of favorable soil conditions (fertility, particularly high soil P content and low soil N/P ratio)
in the Lomerio landscape, and the higher precipitation registered there during the study
period, marked the differential effect on fine litterfall rates and, particularly, on leaf litter
inputs that fell to the soil.

4.1. Annual Fine Litterfall

The fine litter production rates obtained in this study represent high contributions
of organic materials in both landscapes. In particular, the contributions from the foliar
fraction (LL > 70% of FL), besides being the most abundant in this study, represent labile
materials of high decomposability [33], which can result in higher inputs of organic materi-
als and nutrients to the system. Therefore, such inputs result, among other aspects, in the
improvement of the physicochemical properties of the first horizons of the soil [8,34], as
was observed in the soil characteristics of the TDFs of the Lomerio landscape (Figure 2).
On the other hand, the fine litter production rates determined in this study were higher
than those recorded for other mature TDFs in Colombia. (0.3–3.5 Mg ha−1 año−1; [8,33],



Forests 2022, 13, 660 10 of 13

and represented intermediate ranges for other dry and very dry tropical ecosystems in the
world (1.2–8.7 Mg ha−1 año−1; [19,31,35–38]).

The WM, RM, and OR fractions represented minority contributions in both landscapes
(2–12%). Similar patterns have been reported in different studies in a wide range of
tropical forests [35,39–42]. However, the ecological importance of these fractions in the
ecosystem cannot be underestimated, as they represent permanent sources of materials
that are gradually incorporated into nutrient cycles. On the other hand, the permanent
contribution of the RM fraction during this study suggests a seed bank potentially available
in all TDFs, thus improving the regeneration capacity and diversity of seedlings present in
these ecosystems [15].

4.2. Litterfall Seasonality

During this study, between 68% and 75% of foliar inputs were recorded in the dry sea-
son between November and March for the Lomerio and Mountain landscape, respectively.
These patterns correspond to those recorded in other TDFs [19,43,44], where it is described
that after the highest rainfall peaks (rainy season), leaf litterfall peaks follow. It is evident
then that the greatest contributions of leaf litter coincided with the driest periods after the
months of highest rainfall, in which temperature and evaporation increased, and during
which the trees lost their leaves to avoid water loss [35,45].

In this study, the highest LL and FL inputs were associated with the best soil conditions
(high clay and CEC contents) in the Lomerio landscape. These results can be explained by
the feedback effect between litter production, litter decomposition, vegetation development,
and soil fertility. Particularly in fertile soils, leaf turnover, leaf fall, and decomposition rates
are rapid due to low energy investment for tissue synthesis and secondary metabolites [42].
Patterns similar to those obtained in our study have been observed in other TDFs [8,19].

Although historically, higher precipitation values were recorded in the Mountain
landscape compared to the Lomerio landscape (Figure 1). Particularly, inverse patterns
were observed during the study period (Figure 3). This is likely to have affected litter
production rates at the landscape level, which was reflected in lower inputs of organic
materials from the canopy to the soil in the Mountain landscape. This may have potential
effects overtime on the return of organic materials and the biogeochemical cycling of
soil nutrients, processes favored by the increased activity of microorganisms in litter
decomposition and favored by the high humidity and temperature conditions [42].

Overall, leaf litter production of the species showed clear seasonal patterns, which
were largely driven by the importance of the species in the landscape (IVI) and the effect
of precipitation during the study (Figures 2 and 4). In this same sense, foliar inputs of
A. graveolens represented between 2.5–14% of the total LL and between 9.4–10.1% for
P. acapulcensis. These results reflect the large inputs of organic materials of these species
from the canopy to the soil, which can potentially enter the system and provide a constant
source of energy to soil microorganisms [33]. Hence, based on these attributes associated
with productivity, both species can be projected as potential species for inclusion in future
restoration programs. On the other hand, although the leaf litter production of P. pinnatum
and C. alliodora species represented minority contributions of the total LL (0.3–3.0%), these
fractions represent potential materials that permanently input the system.

5. Conclusions

Seasonal inputs and patterns of litterfall were strongly associated with precipitation
and soil fertility conditions. These marked a differential response between the landscapes;
around 10% of the leaf material contributed from the canopy in the Lomerio landscape. On
the other hand, the high rate of fine litterfall observed in both landscapes in comparison
with other TDFs indicates relevant productivity levels, which contribute to the activation
of biogeochemical cycles and improve ecosystem functionality. In this sense, the results of
our study were consistent in showing the importance of monitoring litter production as a
functional indicator of the ecosystem and of the activities that promote the conservation
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of these forests, which represent one of the few remaining TDFs found in the Magdalena
region of Colombia, and which are immersed in a livestock matrix that threatens their
permanence over time. On the other hand, of the four dominant species studied here,
A. graveolens and P. acapulcensis stood out for their high rates of fine litter production.
This aspect of their productivity allows them to be preliminarily identified as potential
species for use in restoration and management programs for dry ecosystems degraded by
human activities.

Author Contributions: Conceptualization, J.C.-B. and J.D.L.-P.; methodology, J.C.-B.; software, J.C.-B.;
validation, J.D.L.-P. and J.C.-B.; formal analysis, E.R.-H.; investigation, V.C.-E.; resources, J.L.-C.;
data curation, J.D.L.-P.; writing—original draft preparation, J.C.-B.; writing—review and editing,
J.C.-B. and J.D.L.-P.; visualization, E.R.-H.; supervision, J.L.-C.; project administration, J.L.-C. funding
acquisition, J.C.-B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MINCIENCIAS: Fondo Nacional de Financiamiento para la
Ciencia, la Tecnología y la Innovación “Francisco José de Caldas” (Postdoctoral Fellowship Program,
848 of 2019) and Universidad del Magdalena.

Data Availability Statement: Data are available from corresponding author upon reasonable request.

Acknowledgments: We thank the Sistema General de Regalías Fondo de Ciencia, Tecnología e
Innovación del departamento del Magdalena, under the project “Investigación de los Efectos de la
Variabilidad Climática y el Cambio Climático sobre el Recurso Hídrico, Biodiversidad y Actividades
Agropecuarias en el departamento del Magdalena”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van Veen, J.A.; Liljeroth, E.; Lekkerkerk, L.J.A.; Van De Geijn, S.C. Carbon Fluxes in Plant-Soil Systems at Elevated Atmospheric

CO2 Levels. Ecol. Appl. 1991, 1, 175–181. [CrossRef] [PubMed]
2. Ontl, T.; Schulte, L.A. Soil Carbon Storage. Nat. Educ. Knowl. 2012, 3, 35.
3. Wei, X.; Shao, M.; Gale, W.; Li, L. Global pattern of soil carbon losses due to the conversion of forests to agricultural land. Sci. Rep.

2015, 4, 4062. [CrossRef] [PubMed]
4. Phillips, J.; Ramirez, S.; Wayson, C.; Duque, A. Differences in carbon stocks along an elevational gradient in tropical mountain

forests of Colombia. Biotropica 2019, 51, 490–499. [CrossRef]
5. González-M, R.; García, H.; Isaacs, P.; Cuadros, H.; López-Camacho, R.; Rodríguez, N.; Pérez, K.; Mijares, F.; Castaño-Naranjo, A.;

Jurado, R.; et al. Disentangling the environmental heterogeneity, floristic distinctiveness and current threats of tropical dry forests
in Colombia. Environ. Res. Lett. 2018, 13, 045007. [CrossRef]

6. Becknell, J.M.; Kissing Kucek, L.; Powers, J.S. Aboveground biomass in mature and secondary seasonally dry tropical forests:
A literature review and global synthesis. For. Ecol. Manag. 2012, 276, 88–95. [CrossRef]

7. Moonlight, P.W.; Banda-R, K.; Phillips, O.L.; Dexter, K.G.; Pennington, R.T.; Baker, T.R.; de Lima, H.C.; Fajardo, L.; González-M, R.;
Linares-Palomino, R.; et al. Expanding tropical forest monitoring into Dry Forests: The DRYFLOR protocol for permanent plots.
Plants People Planet 2021, 3, 295–300. [CrossRef]

8. Barliza, J.C.; Rodríguez, O.B.; Peláez, J.D.L.; Chávez, L.F. Planted forests for open coal mine spoils rehabilitation in Colombian
drylands: Contributions of fine litterfall through an age chronosequence. Ecol. Eng. 2019, 138, 180–187. [CrossRef]

9. Calvo-rodriguez, S.; Arturo, G.S.; Dur, S.M.; Marcos, M.; Esp, D.; Roberta, Y.; Nunes, F. Dynamics of Carbon Accumulation in
Tropical Dry Forests under Climate Change Extremes. Forests 2021, 12, 106. [CrossRef]

10. Johnson, D.W.; Turner, J. Tamm Review: Nutrient cycling in forests: A historical look and newer developments. For. Ecol. Manag.
2019, 444, 344–373. [CrossRef]

11. Van Langenhove, L.; Verryckt, L.T.; Bréchet, L.; Courtois, E.A.; Stahl, C.; Hofhansl, F.; Bauters, M.; Sardans, J.; Boeckx, P.;
Fransen, E.; et al. Atmospheric deposition of elements and its relevance for nutrient budgets of tropical forests. Biogeochemistry
2020, 149, 175–193. [CrossRef]

12. Sayer, E.J.; Rodtassana, C.; Sheldrake, M.; Bréchet, L.M.; Ashford, O.S.; Lopez-Sangil, L.; Kerdraon-Byrne, D.; Castro, B.;
Turner, B.L.; Wright, S.J.; et al. Revisiting nutrient cycling by litterfall—Insights from 15 years of litter manipulation in old-growth
lowland tropical forest. In Advances in Ecological Research; Academic Press: Cambridge, MA, USA, 2020; Volume 62, pp. 173–223.

13. León-Peláez, J.D.; de Colombia, U.N.; Caicedo-Ruiz, W.; Castellanos-Barliza, J.; de Colombia, S.M.U.N.; del Magdalena, U.
Reactivation of nutrient cycling in an urban tropical dry forest after abandonment of agricultural activities. Rev. Chapingo Ser.
Cienc. For. 2021, 27, 355–365. [CrossRef]

http://doi.org/10.2307/1941810
http://www.ncbi.nlm.nih.gov/pubmed/27755661
http://doi.org/10.1038/srep04062
http://www.ncbi.nlm.nih.gov/pubmed/24513580
http://doi.org/10.1111/btp.12675
http://doi.org/10.1088/1748-9326/aaad74
http://doi.org/10.1016/j.foreco.2012.03.033
http://doi.org/10.1002/ppp3.10112
http://doi.org/10.1016/j.ecoleng.2019.07.018
http://doi.org/10.3390/f12010106
http://doi.org/10.1016/j.foreco.2019.04.052
http://doi.org/10.1007/s10533-020-00673-8
http://doi.org/10.5154/r.rchscfa.2020.11.068


Forests 2022, 13, 660 12 of 13

14. Williams-Linera, G.; Bonilla-Moheno, M.; López-Barrera, F.; Tolome, J. Litterfall, vegetation structure and tree composition as
indicators of functional recovery in passive and active tropical cloud forest restoration. For. Ecol. Manag. 2021, 493, 119260.
[CrossRef]

15. Barliza, J.C.; Peláez, J.D.L.; Campo, J. Recovery of biogeochemical processes in restored tropical dry forest on a coal mine spoil in
La Guajira, Colombia. Land Degrad. Dev. 2018, 29, 3174–3183. [CrossRef]

16. Liu, X.; Zhou, T.; Luo, H.; Xu, P.; Gao, S.; Liu, J. Models ignoring spatial heterogeneities of forest age will significantly overestimate
the climate effects on litterfall in China. Sci. Total Environ. 2019, 661, 492–503. [CrossRef] [PubMed]

17. González-Rodríguez, H.; Domínguez-Gómez, T.G.; Silva, I.C.; Gómez-Meza, M.V.; Ramírez-Lozano, R.G.; Pando-Moreno, M.;
Fernández, C.J. Litterfall deposition and leaf litter nutrient return in different locations at Northeastern Mexico. Plant Ecol. 2011,
212, 1747–1757. [CrossRef]

18. Lawrence, D. Regional-Scale Variation in Litter Production and Seasonality in Tropical Dry Forests of Southern Mexico1. Biotropica
2005, 37, 561–570. [CrossRef]

19. Morffi-Mestre, H.; Ángeles-Pérez, G.; Powers, J.S.; Andrade, J.L.; Ruiz, A.H.H.; May-Pat, F.; Chi-May, F.; Dupuy, J.M. Multiple
Factors Influence Seasonal and Interannual Litterfall Production in a Tropical Dry Forest in Mexico. Forests 2020, 11, 1241.
[CrossRef]

20. Souza, S.R.; Veloso, M.D.M.; Espírito-Santo, M.M.; Silva, J.O.; Sánchez-Azofeifa, A.; Souza e Brito, B.G.; Fernandes, G.W. Litterfall
dynamics along a successional gradient in a Brazilian tropical dry forest. For. Ecosyst. 2019, 6, 6. [CrossRef]

21. Elias, D.M.O.; Robinson, S.; Both, S.; Goodall, T.; Majalap-Lee, N.; Ostle, N.; McNamara, N.P. Soil Microbial Community and
Litter Quality Controls on Decomposition Across a Tropical Forest Disturbance Gradient. Front. For. Glob. Chang. 2020, 3, 81.
[CrossRef]

22. MinAmbiente. Available online: http://www.siac.gov.co/catalogo-de-mapas (accessed on 17 December 2021).
23. De Chant, T.; Gallego, A.H.; Saornil, J.V.; Kelly, M. Urban influence on changes in linear forest edge structure. Landsc. Urban Plan.

2010, 96, 12–18. [CrossRef]
24. Wang, Q.; Li, F.; Zhao, X.; Zhao, W.; Zhang, D.; Zhou, X.; Sample, D.J.; Wang, X.; Liu, Q.; Li, X.; et al. Runoff and nutrient losses in

alfalfa (Medicago sativa L.) production with tied-ridge-furrow rainwater harvesting on sloping land. Int. Soil Water Conserv. Res.
2021; in press. [CrossRef]

25. Bin, L.; Xu, K.; Xu, X.; Lian, J.; Ma, C. Development of a landscape indicator to evaluate the effect of landscape pattern on surface
runoff in the Haihe River Basin. J. Hydrol. 2018, 566, 546–557. [CrossRef]

26. Jaramillo, D. El suelo: Origen, Propiedades, Espacialidad. Universidad Nacional de Colombia, Sede Medellín, Facultad de
Ciencias, Escuela de Geociencias: Medellín, Colombia. 2014; in press. 161–191.

27. IDEAM, Instituto de Hidrología, Meteorología y Estudios Ambientales. Available online: http://dhime.ideam.gov.co/
atencionciudadano/ (accessed on 7 December 2021).

28. Funk, C.; Peterson, P.; Landsfeld, M.; Pedreros, D.; Verdin, J.; Shukla, S.; Husak, G.; Rowland, J.; Harrison, L.; Hoell, A.; et al. The
climate hazards infrared precipitation with stations—A new environmental record for monitoring extremes. Sci. Data 2015, 2, 150066.
[CrossRef] [PubMed]

29. Osborne, B.B.; Soper, F.M.; Nasto, M.K.; Bru, D.; Hwang, S.; Machmuller, M.B.; Morales, M.L.; Philippot, L.; Sullivan, B.W.;
Asner, G.P.; et al. Litter inputs drive patterns of soil nitrogen heterogeneity in a diverse tropical forest: Results from a litter
manipulation experiment. Soil Biol. Biochem. 2021, 158, 108247. [CrossRef]

30. Chave, J.; Navarrete, D.; Almeida, S.; Álvarez, E.; Aragão, L.E.O.C.; Bonal, D.; Châtelet, P.; Silva-Espejo, J.E.; Goret, J.-Y.;
von Hildebrand, P.; et al. Regional and seasonal patterns of litterfall in tropical South America. Biogeosciences 2010, 7, 43–55.
[CrossRef]

31. Campo, J.; Merino, A. Linking organic P dynamics in tropical dry forests to changes in rainfall regime: Evidences of the Yucatan
Peninsula. For. Ecol. Manag. 2019, 438, 75–85. [CrossRef]

32. Machado, D.L.; Engel, V.L.; Podadera, D.S.; Sato, L.M.; de Goede, R.G.M.; de Moraes, L.F.D.; Parrotta, J.A. Site and plant
community parameters drive the effect of vegetation on litterfall and nutrient inputs in restored tropical forests. Plant Soil 2021,
464, 405–421. [CrossRef]

33. Castellanos-Barliza, J.; Peláez, J.D.L.; Armenta-Martínez, R.; Barranco-Pérez, W.; Caicedo-Ruíz, W. Contributions of organic
matter and nutrients via leaf litter in an urban tropical dry forest fragment. Rev. Biol. Trop. 2018, 66, 571–585. [CrossRef]

34. León, J.D.; Osorio, N.W. Role of Litter Turnover in Soil Quality in Tropical Degraded Lands of Colombia. Sci. World J. 2014, 2014, 693981.
[CrossRef] [PubMed]

35. Martínez-Yrízar, A.; Sarukhán, J. Litterfall patterns in a tropical deciduous forest in Mexico over a five-year period. J. Trop. Ecol.
1990, 6, 433–444. [CrossRef]

36. Maya, Y.; Arriaga, L. Litterfall and phenological patterns of the dominant overstorey species of a desert scrub community in
north-western Mexico. J. Arid Environ. 1996, 34, 23–35. [CrossRef]

37. Sundarapandian, S.; Swamy, P. Litter Production and Leaf-Litter Decomposition of Selected Tree. For. Ecol. Manag. 1999, 123,
231–244. [CrossRef]

38. De Queiroz, M.G.; da Silva, T.G.F.; Zolnier, S.; de Souza, C.A.A.; de Souza, L.S.B.; Neto, A.J.S.; de Araújo, G.G.L.; Ferreira, W.P.M.
Seasonal patterns of deposition litterfall in a seasonal dry tropical forest. Agric. For. Meteorol. 2019, 279, 107712. [CrossRef]

http://doi.org/10.1016/j.foreco.2021.119260
http://doi.org/10.1002/ldr.3069
http://doi.org/10.1016/j.scitotenv.2019.01.162
http://www.ncbi.nlm.nih.gov/pubmed/30677693
http://doi.org/10.1007/s11258-011-9952-9
http://doi.org/10.1111/j.1744-7429.2005.00073.x
http://doi.org/10.3390/f11121241
http://doi.org/10.1186/s40663-019-0194-y
http://doi.org/10.3389/ffgc.2020.00081
http://www.siac.gov.co/catalogo-de-mapas
http://doi.org/10.1016/j.landurbplan.2010.01.006
http://doi.org/10.1016/j.iswcr.2021.09.005
http://doi.org/10.1016/j.jhydrol.2018.09.045
http://dhime.ideam.gov.co/atencionciudadano/
http://dhime.ideam.gov.co/atencionciudadano/
http://doi.org/10.1038/sdata.2015.66
http://www.ncbi.nlm.nih.gov/pubmed/26646728
http://doi.org/10.1016/j.soilbio.2021.108247
http://doi.org/10.5194/bg-7-43-2010
http://doi.org/10.1016/j.foreco.2019.02.018
http://doi.org/10.1007/s11104-021-04964-3
http://doi.org/10.15517/rbt.v66i2.33381
http://doi.org/10.1155/2014/693981
http://www.ncbi.nlm.nih.gov/pubmed/24696656
http://doi.org/10.1017/S0266467400004831
http://doi.org/10.1006/jare.1996.0090
http://doi.org/10.1016/S0378-1127(99)00062-6
http://doi.org/10.1016/j.agrformet.2019.107712


Forests 2022, 13, 660 13 of 13

39. Dutta, R.K.; Agrawal, M. Litterfall, litter decomposition and nutrient release in five exotic plant species planted on coal mine
spoils. Pedobiologia 2001, 45, 298–312. [CrossRef]

40. Descheemaeker, K.; Muys, B.; Nyssen, J.; Poesen, J.; Raes, D.; Haile, M.; Deckers, J. Litter production and organic matter
accumulation in exclosures of the Tigray highlands, Ethiopia. For. Ecol. Manag. 2006, 233, 21–35. [CrossRef]

41. Collantes Quintero, A.; Castellanos-Barliza, J.; Leon Pelaez, J.D.; Tamaris-Turizo, C.E. Characterization of the Organic Matter
Provided by Leaf Litter in the Forest in the Gaira Riverbank (Sierra Nevada de Santa Marta-Colombia). Rev. Investig. Agrar. Y
Ambient. 2014, 5, 171–184. [CrossRef]

42. Ibrahima, A.; Ntonga, J.C.; Mvondo Ze, A.D. Litterfall, litter standing crops and nutrient dynamics as influenced by selective
logging in tropical rainforest of Ebom, Southwest Cameroon. J. Ecol. Nat. Environ. 2018, 10, 205–220. [CrossRef]

43. Lopezaraiza-Mikel, M.; Quesada, M.; Álvarez-Añorve, M.; Ávila-Cabadilla, L.; Martén-Rodríguez, S.; Calvo-Alvarado, J.;
do Espírito-Santo, M.M.; Fernandes, G.W.; Sánchez-Azofeifa, A.; de Jesús Aguilar-Aguilar, M.; et al. Phenological Patterns of
Tropical Dry Forests along Latitudinal and Successional Gradients in the Neotropics. In Tropical Dry Forests in the Americas;
CRC Press: Boca Raton, FL, USA, 2014; pp. 119–146.

44. Villalobos, C.; González-Carcacía, J.A.; Rodríguez, J.P.; Nassar, J. Interspecific and Interannual Variation in Foliar Phenological
Patterns in a Successional Mosaic of a Dry Forest in the Central Llanos of Venezuela. In Tropical Dry Forests in the Americas;
CRC Press: Boca Raton, FL, USA, 2014; pp. 301–327.

45. Murphy, P.G.; E Lugo, A. Ecology of Tropical Dry Forest. Annu. Rev. Ecol. Syst. 1986, 17, 67–88. [CrossRef]

http://doi.org/10.1078/0031-4056-00088
http://doi.org/10.1016/j.foreco.2006.05.061
http://doi.org/10.22490/21456453.946
http://doi.org/10.5897/jene2018.0681
http://doi.org/10.1146/annurev.es.17.110186.000435

	Introduction 
	Materials and Methods 
	Study Area 
	Sampling Design and Monitoring 
	Data Analyses and Processing 
	Climatic Data 

	Results 
	Annual Fine Litterfall 
	Litterfall Seasonality 

	Discussion 
	Annual Fine Litterfall 
	Litterfall Seasonality 

	Conclusions 
	References

