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evidence from spatio-temporal assessments
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Tropical dry forests (TDFs) are critical carbon reservoirs, yet their carbon storage dynamics remain poorly

understood, particularly across seasons, forest subtypes, and species0 contributions. This study examined

carbon pools—soil organic carbon (SOC), aboveground biomass carbon (CAGB), and litterfall carbon (C-

litterfall)—across three TDF subtypes along the Ecuadorian coast. Twelve 100 m2 plots were monitored

semi-annually during rainy and dry seasons, with extrapolations made to assess total forest patch carbon

stocks. SOC was the dominant carbon pool across all subtypes and seasons, with rainy periods

contributing to greater SOC stability (LSF, 75.51 Mg ha−1; LDF, 70.01 Mg ha−1; SPF, 69.27 Mg ha−1)

compared to dry periods (LDF, 54.70 Mg ha−1; LSF, 53.35 Mg ha−1; SPF, 39.39 Mg ha−1). CAGB and C-

litterfall displayed significant seasonal variation, with litterfall peaking in the dry season, particularly in LSF

(0.4 Mg ha−1). Across subtypes, total carbon densities averaged 94.0 Mg ha−1 in LSF, 67.4 Mg ha−1 in SPF,

and 99.9 Mg ha−1 in LDF. Plant species significantly influenced CAGB. In LSF, T. integerrima contributed

the most to CAGB (6.4–6.7 Mg ha−1), while C. eggersii dominated in SPF (4.5–4.4 Mg ha−1). In LDF, C.

lutea was the leading contributor, storing 13.8–13.9 Mg ha−1 of biomass carbon. Extrapolation to forest

patches revealed substantial spatial differences, with LDF sequestering the most carbon (526 133.3 Mg),

followed by SPF (463 133.0 Mg) and LSF (3113.3 Mg). These findings underscore the critical roles of

species composition, climatic variability, and forest structure in carbon sequestration, emphasizing the

need for tailored conservation strategies to mitigate climate change impacts.
Environmental signicance

Tropical dry forests are critical for carbon cycling and climate regulation, yet they remain understudied compared to humid tropical forests. This research
investigates spatio-temporal variations in carbon pools—soil organic carbon, aboveground biomass, and litterfall—across three Ecuadorian TDF subtypes.
Findings reveal the inuence of seasonality, forest structure, and species composition on carbon storage, emphasizing SOC as the dominant pool and litterfall's
role in nutrient cycling. By addressing these dynamics under climate and anthropogenic pressures, this study provides actionable insights for conservation
strategies and sustainable landmanagement. The results contribute to bridging knowledge gaps in TDF carbon dynamics, supporting efforts to mitigate climate
change and to preserve these endangered ecosystems.
1 Introduction

Forests are essential components of the global carbon cycle and
play a pivotal role in mitigating climate change by serving as
natural carbon sinks.1 Globally, forests store approximately 662
billion tons of carbon, accounting for nearly 80% of terrestrial
carbon stocks in biomass and soil organic matter.2 Through
emas y Cambio Climático – FAGROCLIM,
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photosynthesis, forests absorb atmospheric CO2, release
oxygen, and sequester carbon into plant biomass and soils,
thereby contributing to long-term carbon storage and support-
ing ecosystem services.3,4 Tropical forests cover merely 7% of
the Earth's land surface and harbour more than half of the
world's biodiversity.5,6 These forests are highly threatened by
human activities including forest res.5,7,8 They are particularly
signicant, as they store nearly 50% of terrestrial carbon and
regulate global climate processes.9,10 However, deforestation,
degradation, and the intensifying impacts of climate change
threaten their ability to function as net carbon sinks, with some
tropical forests transitioning into net carbon sources.11–13

Among tropical forest subtypes, TDFs play an equally critical,
yet oen overlooked, role in global carbon dynamics. TDFs
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account for approximately 40% of all tropical forests and harbor
substantial biodiversity, unique ecosystem services, and carbon
pools.14–16 In addition to supporting diverse livelihoods, TDFs
regulate climate through the sequestration and cycling of
atmospheric carbon in their biomass, soil organic carbon
(SOC), and leaf litter.17,18 These forests are particularly vulner-
able to environmental and anthropogenic stressors, including
deforestation, unsustainable land-use practices, and climate
variability. This has led to TDFs being classied among the
most endangered ecosystems globally, with high rates of frag-
mentation and limited representation in protected areas.19,20

SOC is a fundamental component of soil health and
ecosystem functioning, inuencing nutrient cycling, water
retention, and overall fertility.21–23 Globally, soils store approxi-
mately 1500–2000 Pg of organic carbon, nearly double the
amount of carbon held in the atmosphere and vegetation
combined.24,25 SOC also plays a critical role in mitigating
climate change by serving as a long-term carbon reservoir.26

However, SOC stocks are highly dynamic and sensitive to
changes in temperature, precipitation, vegetation cover, and
human activities.27,28 The impacts of climate change, including
rising temperatures, altered precipitation patterns, and extreme
weather events (e.g., El Niño-Southern Oscillation), have led to
signicant SOC losses globally, estimated at 0.3–1 Pg per
year.29,30

In TDFs, SOC dynamics are further inuenced by spatial
(e.g., forest subtypes and soil depth) and temporal (e.g.,
seasonal changes) variations. Precipitation seasonality plays
a critical role in determining SOC inputs and outputs, such as
litterfall production, microbial decomposition, and carbon
mineralization rates.31,32 In the dry season, limited water avail-
ability can constrain biological activity, slowing down organic
matter decomposition and nutrient cycling, while the wet
period may enhance SOC turnover but also increase leaching
and soil erosion risks.33,34

Similarly, SOC pools vary signicantly with soil depth, with
surface layers generally containing higher carbon concentra-
tions due to organic matter inputs from litterfall and root
biomass, whereas deeper layers may store older, more stable
carbon fractions.35,36 Despite this variability, detailed assess-
ments of SOC dynamics across soil proles and seasonal
periods remain limited in TDFs.

In addition to SOC, aboveground biomass (AGB) and litter-
fall production are critical components of TDF carbon cycling.
AGB acts as a temporary carbon sink, storing atmospheric
carbon in plant tissues, while litterfall serves as the primary
pathway for organic carbon input into the soil.37–40 Litter
decomposition not only replenishes soil nutrients but also
inuences microbial activity, soil fertility, and ecosystem
recovery following disturbances.41,42 Understanding the inter-
play between these carbon pools—AGB, SOC, and litterfall—is
crucial for assessing the carbon balance of TDFs, particularly
under the dual pressures of climate change and anthropogenic
disturbance.

Despite their ecological and climate-regulating importance,
TDFs have received considerably less scientic attention
compared to humid tropical forests. This knowledge gap
1664 | Environ. Sci.: Adv., 2025, 4, 1663–1683
hinders the development of effective conservation and
management strategies for these ecosystems, which face some
of the highest deforestation and degradation rates globally.11,43

Bridging this gap requires detailed, region-specic studies that
investigate the spatio-temporal variations in carbon pools
across TDF landscapes.

In this study, we address this critical research need by
examining the spatio-temporal variations in carbon pools
(SOC, AGB, and C-litterfall) in Ecuador's TDFs, with a specic
focus on differences across three TDF subtypes and seasonal
periods. By integrating analyses of carbon dynamics trends, this
research provides insights into the role of TDFs in carbon
cycling and their potential contributions to climate change
mitigation. The ndings aim to support evidence-based
conservation strategies and sustainable land management
practices for these threatened ecosystems; thus, we hypothesize
that carbon pools in Ecuadorian tropical dry forests differ
signicantly across forest subtypes and seasonal periods,
driven by climatic seasonality, forest structure, and species
composition.

2 Materials and methods
2.1 Study sites and plot distribution

This research was conducted in three subtypes of tropical dry
forests (TDFs) along the Pacic Ecuadorian coast. The study
sites were chosen to encompass differences in environmental
conditions, plant diversity and physical–chemical soil charac-
teristics along a geographical gradient (north to south). Three
TDF subtypes were studied: (i) Jama-Zapotillo Lowland Semi-
deciduous Forest (LSF) located in Sua (Esmeraldas province);
(ii) Deciduous Pacic Forest of the Equatorial Coast (SPF) found
in Pacoche (Manab́ı province); and (iii) Lowland Deciduous
Forest and Shrubland of Jama-Zapotillo (LDF) in Manglaralto
(Santa Elena province) (Fig. 1). All subtypes face threats such as
deforestation, re, vegetation replacement by crops and live-
stock, soil erosion, and urban expansion.44

In the tree forests (LSF, SPF and LDF), a total of twelve
permanent experimental plots (n = 12) of 100 m2 (10 × 10 m),
were established (4 plots per site; P1 to P12), with a minimum
separation of 60 meters between plots within the same site. In
all plots, different measures were taken to characterize the plant
community and soil attributes from January to December 2022,
specically, during two eld campaigns corresponding to the
rainy period (January to May) and the dry period (June to
December).45

The three forest subtypes analyzed in this study exhibit
distinct climatic conditions, physiognomies, and ecological
features, shaped by their varied biogeographical settings and
the pronounced climatic gradient along the Ecuadorian coast,
as shown in Table 1.46 From the wetter, subhumid north to the
drier, xeric south, differences in rainfall and temperature
signicantly inuence vegetation structure and species
composition. The study design incorporated spatial and
temporal variations to assess how these ecosystems respond to
seasonal dynamics and variations along the latitudinal
gradient.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Relative location of the forest subtypes along the Ecuadorian coast. LSF: Jama-Zapotillo Lowland Semideciduous Forest (Esmeraldas
province); SPF: Deciduous Pacific Forest of the Equatorial Coast (Manab́ı province); LDF: Lowland Deciduous Forest and Shrubland of Jama-
Zapotillo (Santa Elena province).
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2.2 Ecological and climatic characterization of tropical dry
forest subtypes

The tropical dry forest (TDF) subtypes exhibit distinct ecological
and climatic characteristics that shape their biodiversity and
landscape dynamics (Table 1, SI 1).

The Jama-Zapotillo Lowland Semideciduous Forest (LSF),
spanning 287 hectares, is characterized by a semi-deciduous
physiognomy within a pluvial seasonal subhumid bioclimate.
It presents relatively humid conditions compared to other
subtypes.

In contrast, the Deciduous Pacic Forest of the Equatorial
Coast (SPF) is much larger, covering 41 122.7 hectares within
the Pacic Equatorial Province. This deciduous forest is marked
by a xeric bioclimate and a dry ombrotype, reecting signi-
cantly drier conditions.

The Lowland Deciduous Forest and Shrubland of Jama-
Zapotillo (LDF) is the largest forest subtype, encompassing
227 757.7 hectares. This ecosystem consists of forest and
shrubland with a low forest physiognomy in a xeric bioclimate
and dry ombrotype. The LDF spans diverse terrain, including
foothills, coastal plains, beaches, and hillslopes.

Together, these subtypes represent the ecological heteroge-
neity of TDFs, inuenced by climatic and geomorphological
gradients.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3 Soil sampling design and analyses

To provide an edaphic context for the studied forest subtypes,
some soil parameters were analyzed to characterize the physical
and chemical properties of the sites. Key soil attributes,
including electrical conductivity (EC), pH, and soil bulk density
(SBD), were evaluated at two depth intervals (0–40 cm and 40–80
cm) to capture depth-wise variations in soil characteristics.
Within each plot, a zigzag transect design was used to ensure
representative sampling. Three transects were established, each
with six sampling points spaced 100 cm apart, resulting in nine
sampling points per plot (Fig. 2). At each sampling point, soil
cores were collected from both depth intervals using a metallic
soil core sampler (15 cm diameter; 40 cm length). The collected
samples were immediately placed in labeled plastic bags, kept
in a cooler with frozen gel packs, and transported to the labo-
ratory for analysis.
2.4 Physico-chemical analyses of soil

In the laboratory, soil samples were dried according to ISO
11461:2001 standards.47 Drying was performed using a Mem-
mert UN30 oven at 50 °C for approximately 24 hours. Subse-
quently, samples were stabilized in a dry chamber with
desiccant material at 23 °C for 30 minutes to ensure constant
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1665
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Table 1 Forest subtypes: biophysics attributes and description. MAT: mean annual temperature; MAP: mean annual precipitation

Forest subtype Patch area (ha) MAT (°C) MAP (mm) Altitude (m.a.s.l.) Features

Jama-Zapotillo Lowland Semideciduous
Forest (LSF)

33.1 25.2 1445 0–300 The area features a semi-deciduous
physiognomy in a pluvial seasonal
subhumid bioclimate. Situated in
lowlands with an infratropical
thermotype, it lies in a non-oodable
alluvial plain within the Jama-Zapotillo
sector. Additionally, the forest has
remained unaffected by human activities
for the past 22 years

Deciduous Pacic Forest of the
Equatorial Coast (SPF)

6871.4 23.2 829 200–300 The area is a deciduous forest located in
the Coastal Region of the Pacic
Equatorial Province, with a xeric
bioclimate and dry ombrotype. It features
a coastal relief with mountains and
piedmont. Additionally, the area has
remained untouched for the past 9 years

Lowland Deciduous Forest and
Shrubland of Jama-Zapotillo (LDF)

5266.6 25.5 702 0–400 The area comprises forest and
shrubland, featuring a low forest
physiognomy, situated in the Coastal
Region, Pacic Equatorial Province,
Jama-Zapotillo sector. It possesses a xeric
bioclimate, dry ombrotype, and is
deciduous, located within lowlands with
an infratropical thermotype. The relief is
coastal, including foothills, plains,
coastal plains, beaches, and hillslopes,
and it has remained untouched for
approximately 17 years
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weight. The dried soil samples were ground and passed through
a 2 mm mesh sieve.

Electrical conductivity and pH were measured following the
standards UNE 77308:200148 and UNE-EN ISO 10390:2022.49 10
grams of soil were weighed in an Erlenmeyer ask, 50 mL of
deionized water were added, and the mixture was shaken in
a BT921 shaker at 200 rpm for 30 minutes. Subsequently,
ltration was performed using a “Sartorius” lter paper with
a pore size of 0.45 mm and a vacuum ltration setup (Kitasato
Fig. 2 Spatial design of the transects in plots of the TDF subtypes. LSF (J
Forest of the Equatorial Coast), and LDF (Lowland Deciduous Forest and
plots (10 × 10 m), for a total of twelve plots. Within each plot, three parall
sampling points were fixed, resulting in 18 sampling points per plot. Soil s
40–80 cm) to assess vertical variation in soil organic carbon.

1666 | Environ. Sci.: Adv., 2025, 4, 1663–1683
Flask) connected to a “GAST” diaphragm vacuum-pressure
pump with a maximum pressure of 4.1 bar. Finally, the ob-
tained extracts were used to measure both pH and EC (mS cm−1)
using a multiparameter WTW, model pH/Cond 3320 SET.

Soil bulk density was determined according to UNE-EN ISO
11272:2017.47 A 50 mL Falcon polypropylene tube was lled with
10 g of soil and weighed using an OHAUS (eqn (1)).

SBD ¼ Dsw

Volc
(1)
ama-Zapotillo Lowland Semideciduous Forest), SPF (Deciduous Pacific
Shrubland of Jama-Zapotillo)—were represented by four permanent

el transects were established. Along each transect, six regularly spaced
amples were collected at each point and at two depths (0–40 cm and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where SBD corresponds to bulk density (g cm−3), Dsw: dry soil
weight (g), Volc: volume of the sampling cylinder (cm3).
2.5 Species identication and richness

In all plots studied (n = 12) across the three tropical dry forest
(TDF) subtypes, a thorough plant identication process was
carried out, focusing primarily on trees and some shrubs. Other
plant groups—such as graminoids, small herbaceous species,
climbing plants, and very small seedlings—were not systemat-
ically recorded, as these life forms are typically not considered
in forest carbon stock assessments due to their relatively low
biomass contribution. To ensure accurate identication, plant
individuals were marked with plastic tags labelled with unique
codes, both during the dry and rainy seasons. This method
allowed for precise tracking of individual plants over time,
providing valuable data on species persistence, growth, and
seasonal variations in the forest subtypes. The identication
process involved the use of taxonomic guides and the expertise
of a botanist from the Botanical Garden of the Universidad
Técnica de Manab́ı, Ecuador.
2.6 Determination of carbon in the components of the
evaluated forests

The determination of carbon was assessed in three main
ecosystem components: aboveground biomass carbon (CAGB),
litterfall carbon (C-litterfall), and soil organic carbon (SOC).
CAGB reects the carbon stored in living plants, estimated
through allometric equations. C-Litterfall accounts for the
carbon in dead plant material that falls to the forest oor,
contributing to nutrient cycling and carbon turnover. SOC
represents the long-term storage of carbon in the soil, primarily
from decomposed organic matter. Together, these components
offer insights into the forest's carbon storage, cycling, and
overall ecological balance, helping to understand the role of
these forests in the global carbon cycle.

2.6.1 Aboveground biomass and plant carbon (CAGB).
Aboveground biomass (AGB) for trees and shrubs was estimated
in each plot, by determining the plant carbon content using
allometric equations. Measurements of aboveground biomass
were performed twice, once during the rainy period and once
during the dry period.

The AGB and carbon storage were assessed semi-annually.
To quantify the biomass and carbon storage in trees, an indi-
rect method based on allometric equations developed by
Chave50 for TDFs was employed. The height wasmeasured using
a Suunto brand clinometer model PM-5/3760, and a 50 meter
Truper brand measuring tape. The diameter at breast height
(DBH) of the trees was measured using a 5 meter diametric tape
(Forestry Suppliers). This procedure was applied only for trees
and large shrubs with DBH $ 5 cm (smaller life forms such as
herbaceous plants, seedlings, and lianas were not included).
The density of each plant species was determined using the
“Global Wood Density Database”.51 If a species was not present
in the database, the density of the corresponding genus or
family was used. To determine AGB, eqn (2) was applied:
© 2025 The Author(s). Published by the Royal Society of Chemistry
AGBest = exp(−2.187 + 0.916 × ln(rD2H))

= 0.112 × (rD2H)0.916 (2)

where AGBest corresponds to aboveground biomass (kg per
tree), r is the wood density (g cm−3), D is the diameter at breast
height (cm), and H is the height (m).

Aer calculating AGBest, the total aboveground biomass was
calculated by multiplying the value obtained per plot by the
conversion factor based on the plot size (100 m2) eqn (3).

TAGB ¼
�P

AGBest

1000

�
�
�

10 000

plot area

�
(3)

Here TAGB is the total aboveground biomass (Mg ha−1),P
AGBest is the sum of the aboveground biomass of all trees in

the plot (kg), the factor 1000 converts sample units from kg to
Mg, and the factor 10 000 converts area from m2 to hectares
(ha).

The conversion from TAGB to carbon (CAGB) was calculated
following the guidelines stipulated by the IPCC in the Good
Practice Guidance for Land Use, Land-Use Change, and Forestry
by using eqn (4):52

CAGB = (TAGB × FC) (4)

where CAGB corresponds to carbon in aboveground biomass
(Mg ha−1), TAGB is the total aboveground biomass, FC is the
carbon fraction, with a standard value of 0.50.

2.6.2 Litterfall carbon (C-litterfall). Three homemade lit-
terfall traps, each with a surface area of 1 m2 and a 1 mm mesh
net for efficiency, were placed under randomly trees in each plot
of the TDF subtypes. A total of three traps per plot were installed,
with 36 traps used for both the rainy and dry campaigns. To
assess litterfall carbon inputs, we installed the three litterfall
traps within each 10 × 10 m plot. To ensure unbiased sampling
and adequately capture spatial heterogeneity in litter deposition,
we implemented a randomized placement strategy. Specically,
a 2 × 2 m grid was overlaid on each plot, generating 25 equally
sized cells. Using a random number generator, we selected three
cells per plot, and each litterfall trap was positioned at the center
of a selected cell. The same traps were positioned 80 cm above
the ground throughout both periods. Litterfall was collected
monthly during two distinct periods: (a) March to May, repre-
senting the rainy period (n = 3), and (b) September to November,
representing the dry period (n = 3).

The litter leaves collected in the eld were placed in paper bags
for transportation to the Laboratory of Agroecosystems and
Climate Change (FAGROCLIM) at the Universidad Técnica de
Manab́ı (Ecuador). Upon arrival, the fresh litterfall biomass was
measured using an analytical balance. The fresh litterfall was then
oven-dried at 70 °C for 48 hours. Finally, the dried leaves were
weighed using an analytical balance to determine the dry litterfall
biomass. Litterfall production was determined using eqn (5).53

P ¼
total dry weight ðgÞ � 108 cm2 � 30 days � 1 Mg

area ð10 000 cm2Þ � time ð30 daysÞ � 1 ha� 1 month� 106

(5)
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1667
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where P corresponds to litterfall production (Mg ha−1).
The conversion from litterfall to carbon (C-litterfall) was

calculated following the guidelines stipulated by the IPCC in the
Good Practice Guidance for Land Use, Land-Use Change, and
Forestry by using eqn (4) mentioned above.52

2.6.3 Soil organic carbon. SOC was determined using the
Walkley–Black method,54 a volumetric technique based on
chromium (Cr) oxidation. Briey, 5 g of oven-dried soil was
treated with 10 mL of 1 N potassium dichromate (K2Cr2O7)
solution, followed by 20 mL of concentrated sulfuric acid
(H2SO4). The excess dichromate was titrated with 0.5 N
ammonium iron(II) sulfate hexahydrate [Fe(SO4)2$6H2O] solu-
tion. Calculations were performed using eqn (6).

SOC ð%Þ ¼
�
vblank � vsample

��MF2 � 0:003� 100� f �mcf

W

(6)

where SOC (%) is the percentage of soil organic carbon (%);
vblank is the volume of titrant used in the blank (ml); vsample is
the volume of titrant used in the sample (ml);MF2 is the molarity
of standardized solution of Fe (SO4)2$6H2O; f is the correction
factor 1.3; mcf is the correction factor for humidity (1.724); and
W is the weight of soil (g). For the determination of soil organic
carbon, eqn (7) was used.55

SOC = SOC% × SBD × Sd (7)

where SOC corresponds to soil organic carbon (Mg ha−1), SOC%
is the percentage of soil organic carbon, SBD is the bulk density
(g cm−3), and Sd is the soil depth (m). Carbon storage in forests
was determined by averaging the values from the two soil
depths and adding the allometric tree carbon and the carbon
obtained from litterfall (eqn (8)).

Carbon storage = SOC + CAGB + P (8)

2.7 Carbon extrapolation and stock estimation

To estimate total carbon stocks across the three forest
subtypes—low-statured forest (LSF), short palm forest (SPF),
and low dense forest (LDF)—we quantied carbon in three
major pools: soil organic carbon (SOC), litterfall carbon (C-
litterfall), and aboveground biomass carbon (CAGB). For each
plot, carbon stock values were calculated per pool and expressed
in megagrams of carbon per hectare (Mg C ha−1). The values
obtained for both climatic periods (rainy and dry) were averaged
by forest subtype to produce a representative carbon stock per
hectare.

Extrapolation to the landscape level was performed using
a direct arithmetic approach. Specically, the mean carbon
stock per hectare for each forest subtype was multiplied by the
total area (in hectares) occupied by that subtype, based on
mapped forest patches. This yielded the total extrapolated
carbon stock in Mg C for each forest type. No statistical model
or inferential method was applied in this calculation. This
method provides a transparent, area-weighted scaling of
1668 | Environ. Sci.: Adv., 2025, 4, 1663–1683
empirical carbon data suitable for comparative ecological
assessments.
2.8 Statistical analyses

Statistical analyses were performed using R programming
language (version 4.2.3) within the RStudio environment.56 The
Shapiro–Wilk test was applied to assess data normality, while
the Levene test was used to evaluate the homogeneity of vari-
ances. Species richness (number of species) and abundance
across plots, forest subtypes, and climatic periods were
analyzed using PAST version 4.15.57

An analysis of variance (ANOVA) was conducted to compare
the means of soil organic carbon (SOC), aboveground biomass
carbon (CAGB), and carbon from litterfall (C-litterfall) among
forest subtypes to identify statistically signicant differences.
Bar graphs were generated to visualize the distributions of SOC,
CAGB, and C-litterfall across the analyzed factors (plots, forest
subtypes, depths, and climatic periods). Boxplots to monitor
monthly and three-month averages of C-litterfall were also
produced using R. C-Litterfall post hoc Fisher tests (P < 0.05)
were performed using Minitab version 21.1.0 to further explore
group differences. For comparisons between soil depths and
climatic periods, Student's t-tests (P < 0.05) were performed.

For SOC trends, two approaches were employed: (a) gener-
ating bar graphs for the two soil depths (0–40 cm and 40–80 cm)
separately, and (b) calculating depth-weightedmean SOC values
to produce a single bar representing the 0–80 cm soil depth. For
litterfall analysis, two proxies were applied: (a) monthly mean
litterfall biomass was plotted separately for three months, and
(b) an average litterfall biomass was calculated over the same
three-month period.

The total carbon stock was determined by summing the
contributions of SOC, CAGB, and carbon from litterfall for each
forest subtype and climatic period. These values were then used
to estimate the total annual carbon stock and extrapolated to
represent the carbon storage capacity of each forest subtype.
3 Results and discussion
3.1 Physical and chemical soil properties

The physical and chemical variables quantied in the soil
showed different patterns across soil depths, climatic periods,
and forest subtypes. These differences may be attributed to
a variety of factors inuencing soil conditions (Table 2).58,59

The differences in the physico-chemical properties of the soil
may be linked to several factors like vegetation structure and
composition, topography, climate, weathering processes and
microbial activity and several other biotic and abiotic factors. In
the highly dissected landscapes, bioclimatic conditions change
rapidly and may vary over short distances, resulting in
pronounced heterogeneity of soil types and their chemical and
physical properties, hence inuencing the vegetation and litter
types as well as plant productivity which may affect the overall
constitution of the ecosystem.60–64

The soil properties measured across the three tropical dry
forest (TDF) subtypes—Jama-Zapotillo Lowland Semideciduous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Soil properties by forest subtypes and climatic periods. LSF: Jama-Zapotillo Lowland Semideciduous Forest; SPF: Deciduous Pacific
Forest of the Equatorial Coast; LDF: Lowland Deciduous Forest and Shrubland of Jama-Zapotillo. EC: electrical conductivity; SBD: bulk density;
D1: soil depth 0–40 cm; D2: soil depth 40–80 cm

Soil depth (cm) Forest subtype

Soil properties

EC (mS cm−1) pH SBD (g cm−3)

Rainy period
LSF 190.85 � 24.25 7.93 � 0.14 1.04 � 0.06

D1: 0–40 SPF 148.98 � 26.41 7.94 � 0.23 0.92 � 0.06
LDF 151.82 � 25.59 7.53 � 0.25 0.89 � 0.02
LSF 196.85 � 31.17 8.04 � 0.18 1.04 � 0.08

D2: 40–80 SPF 152.02 � 14.22 7.89 � 0.23 0.94 � 0.08
LDF 181.83 � 14.22 7.63 � 0.23 0.90 � 0.05

Dry period
LSF 204.00 � 54.89 6.84 � 0.36 0.91 � 0.09

D1: 0–40 SPF 183.75 � 26.41 7.64 � 0.23 1.00 � 0.02
LDF 190.28 � 39.35 7.51 � 0.19 0.88 � 0.01
LSF 181.94 � 26.10 7.07 � 0.41 0.91 � 0.07

D2: 40–80 SPF 172.64 � 14.22 7.78 � 0.23 1.02 � 0.02
LDF 186.45 � 52.99 7.21 � 0.64 1.90 0.01
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Forest (LSF), Deciduous Pacic Forest of the Equatorial Coast
(SPF), and Lowland Deciduous Forest and Shrubland of Jama-
Zapotillo (LDF) show distinct patterns that reect the climatic
conditions and edaphic diversity of the region.58

Regarding pH, no signicant changes were observed at
different soil depths, but substantial variation was noted
between climatic periods (SI 2). During the dry period, soil
acidication occurred due to reducedmoisture, which led to the
concentration of minerals and a lowering of the pH.65 This
acidication was particularly pronounced in LSF, where the
decomposition of litterfall produced organic acids, further
increasing soil acidity.66,67 This result aligns with ndings in
other TDFs, where organic acid production during dry periods
contributes to increased soil acidity. Conversely, during the
rainy period, soils in SPF had lower pH values, likely driven by
increased water availability and organic matter decomposition.
These ndings are consistent with studies suggesting that
moisture availability and the decomposition of organic matter
have a strong inuence on soil pH dynamics.68,69

Soil electrical conductivity (EC) remained relatively constant
across depths and subtypes during the dry period, but signi-
cant differences were observed during the rainy period (SI 2).
These variations are inuenced by precipitation rates, which
affect the concentration of salts andminerals in the soil. During
the rainy period, higher rainfall leads to leaching, which can
reducemineral concentrations, whereas under drier conditions,
salts may accumulate. This variation is consistent with previous
studies linking precipitation to changes in soil salinity.68,70–72

Soil bulk density (SBD) exhibited similar stability to
conductivity, with no signicant variation between soil depths
(SI 2), but notable differences across forest subtypes and
climatic periods. The observed variation in SBD could be
attributed to differences in soil texture, as the geological
composition remains constant across depths but can vary
between climatic periods and forest subtypes.73,74 Some soils are
© 2025 The Author(s). Published by the Royal Society of Chemistry
more prone to compaction under dry or wet conditions,
depending on their clay, silt, and sand content. These results
indicate that soil texture plays a key role in how moisture
inuences soil structure, and it is critical for understanding soil
compaction dynamics under varying climatic conditions.75,76

Our pH values (ranging from 6.8 to 8.0) are consistent with
those reported in TDFs in Florida and Loja province, Ecuador,
which range from 6 to 8.1.77,78 However, they are slightly higher
than those found in Brazil's Caatinga (5.4 to 6.5)79 and India's
TDFs (5.9 to 6.4).80 EC values in our study (ranging from 149.0 to
204.0 mS cm−1) surpass those reported in Indian forests (120–
140 mS cm−1)81 but are consistent with those observed in Peru-
vian forests (162–210 mS cm−1).82 These ndings highlight the
unique edaphic conditions of the Ecuadorian coast, with its
specic combination of temperature, precipitation, and forest
type inuencing soil properties.
3.2 Plant species identity and richness

A total of 47 plant species were identied across the forest
subtypes examined in this study (Table 3).83,84 Among these, the
Jama-Zapotillo Lowland Semideciduous Forest (LSF) exhibited
the highest species richness, with 25 species. This was followed
by the Lowland Deciduous Forest and Shrubland of Jama-
Zapotillo (LDF), which contained 19 species, and the Decid-
uous Pacic Forest of the Equatorial Coast (SPF), which had 18
species. Each forest subtype demonstrated a unique species
composition, indicative of ecological specialization. The LSF
contained 18 unique species, while the LDF and SPF hosted 10
and 9 unique species, respectively (more details available in SI
3–SI 8). Notably, only three species were classied as cosmo-
politan, occurring in all three subtypes. This low number of
cosmopolitan species reects the inuence of distinct envi-
ronmental and edaphic factors, such as humidity, altitude,
precipitation, temperature, and soil properties on plant species
distribution and ecological specialization within these forests.
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1669
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Table 3 Identified plant species in the three tropical dry forest (TDF)
subtypes over a year: LSF (Jama-Zapotillo Lowland Semideciduous
Forest); SPF (Deciduous Pacific Forest of the Equatorial Coast); and
LDF (Lowland Deciduous Forest and Shrubland of Jama-Zapotillo).
Plant species in bold represent cosmopolitan species present in all
forest subtypes

No. Plant specie Family

Forest subtypes

LSF SPF LDF

1 Cordia hebeclada Cordiaceae — —
2 Zanthoxylum fagara Rutaceae —
3 Clavija pungens Primulaceae —
4 Delostoma integrifolium Bignoniaceae — —
5 Ziziphus thyrsiora Rhamnaceae —
6 Guazuma ulmifolia Malvaceae — —
7 Piptadenia ava Fabaceae — —
8 Trema integerrima Cannabaceae — —
9 Croton fraseri Euphorbiaceae
10 Serjania caracasana Sapindaceae — —
11 Amphilophium paniculatum Bignoniaceae — —
12 Sesbania herbacea Fabaceae — —
13 Ximenia americana Ximenaceae — —
14 Pseudosamanea guachapele Fabaceae — —
15 Leucaena trichodes Fabaceae —
16 Handroanthus chrysanthus Bignoniaceae — —
17 Cordia macrantha Lauraceae — —
18 Piper sanctum Piperaceae — —
19 Croton eggersii Euphorbiaceae
20 Acnistus arborescens Solanaceae — —
21 Zanthoxylum sprucei Rutaceae
22 Samanea saman Fabaceae — —
23 Erythrina poeppigiana Fabaceae — —
24 Randia armata Rubiaceae — —
25 Triumfetta althaeoides Malvaceae — —
26 Melampodium divaricatum Asteraceae —
27 Cordia macrocephala Cordiaceae — —
28 Pithecellobium arboreum Fabaceae — —
29 Senna oxyphylla Fabaceae —
30 Cordia lutea Cordiaceae —
31 Bonellia sprucei Primulaceae — —
32 Crateva Sp Crateva — —
33 Trema micrantha Cannabaceae — —
34 Hilleria secunda Petiveriaceae — —
35 Achatocarpus pubescens Achatocarpaceae — —
36 Malpighia glabra Malpighiaceae — —
37 Condylidium iresinoides Asteraceae — —
38 Phyllanthus amarus Phyllanthaceae — —
39 Varronia curassavica Cordiaceae — —
40 Tournefortia hirsutissima Heliotropiaceae — —
41 Cynophalla heterophylla Capparaceae — —
42 Cynophalla exuosa Capparaceae — —
43 Agonandra silvatica Opiliaceae — —
44 Caryocar glabrum Caryocaraceae — —
45 Caesalpinia tinctoria Fabaceae — —
46 Libidibia glabrata Fabaceae — —
47 Vallesia glabra Apocynaceae — —
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3.3 Carbon uctuations in the three tropical dry forest
subtypes

3.3.1 Plant biomass carbon among tropical dry forests. The
carbon storage potential, measured as CAGB, varied among
forest subtypes under different climatic conditions, but no
1670 | Environ. Sci.: Adv., 2025, 4, 1663–1683
signicant differences were observed between the rainy and dry
seasons (Table 4, Fig. 3).

In the LSF, CAGB was 27.4 Mg ha−1 during the rainy period
and increased slightly in the dry periods. The annual average
carbon contribution for this forest subtype was 28.8 Mg ha−1.
The carbon contribution of specic species within this subtype
was signicant, with Trema integerrima and Pseudosamanea
guachapele being the highest contributor.

The SPF had lower overall carbon contributions during the
rainy and the dry periods (Table 4). Its annual average carbon
contribution was 13.0 Mg ha−1. Among the species in this forest
subtype, Croton eggersii, and Cordia macrocephala were the most
important contributors.

The LDF exhibited the highest values during both the rainy
and dry periods with an annual carbon contribution of 37.4 Mg
ha−1. Species such as Cordia lutea, Tournefortia hirsutissima,
and Ziziphus thyrsiora were notable contributors.

Analysis of the total carbon contribution of species and
individuals across the forest subtypes (Fig. 3, SI 9 to SI 11)
revealed that only a limited subset met the criteria necessary for
quantication using allometric equations. Specically, 9
species comprising 33 individuals in the LSF, 7 species with 55
individuals in the SPF, and 14 species encompassing 82 indi-
viduals in the LDF fullled the requirements for this analysis.
This nding highlights the restricted pool of species within
these subtypes that contribute directly to the assessment of
plant biomass carbon, emphasizing the importance of species
selection in accurately estimating carbon dynamics within these
ecosystems.

These carbon production trends can be attributed to the
moderate growth in tree diameter and height typically observed
in TDFs. Consequently, arboreal biomass remains relatively
stable throughout the year85,86 (SI 13). Across the study sites,
a clear gradient in allometric carbon production was evident.

In the LSF, species such as Leucaena trichodes, Cordia
macrantha, and Trema integerrima exhibit notably tall stems (30–
50 meters) and large diameters (up to 1 meter), contributing to
higher CAGB. In contrast, the SPF and LDF, which experience
lower precipitation rates, are dominated by smaller trees with
reduced diameters, such as Cordia lutea and Tournefortia hir-
sutissima. Variations in the structural composition of vegetation
directly inuence the capacity of plants to absorb and store
carbon, resulting in differences in carbon dynamics observed
across these forest subtypes.75–77 Other factors, such as forest
fragmentation, microclimatic conditions, and soil quality, can
further inuence allometric carbon production.90,91 Addition-
ally, human-induced environmental changes can signicantly
impact the carbon dynamics of forests.

In general, the aboveground biomass values observed in this
study align well with those reported for similar TDFs. The values
recorded in the LDF are consistent with those documented for
other TDFs in Ecuador and the Yucatán region of Mexico,
ranging from 34.7 to 63.8 Mg ha−1.67,92 Similarly, the biomass
values observed in the LSF are comparable to those reported for
TDFs in Brazil and Tanzania, with an average of 27.5 Mg
ha−1.93,94 In the SPF, biomass values resemble those found in
the Brazilian Caatinga, approximately 14.2 Mg ha−1,90,95 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Carbon aboveground biomass contribution (n= 23) in the three TDF forest subtypes. LSF: The Jama-Zapotillo Lowland Semideciduous
Forest; SPF: Deciduous Pacific Forest of the equatorial coast; and LDF: Lowland Deciduous Forest and Shrubland of Jama-Zapotillo. Letters at the
end of each forest subtype acronym indicate the climatic period as follows: rainy (R) and dry (D)

# Plant species

Plant species carbon contribution (Mg ha−1)

LSF-R LSF-D SPF-R SPF-D LDF-R LDF-D

1 Cynophalla heterophylla — — — — 1.70 1.76
2 Varronia curassavica — — — — 1.39 1.40
3 Phyllanthus amarus — — — — 1.00 1.05
4 Tournefortia hirsutissima — — — — 6.70 6.83
5 Cordia lutea — — 2.15 2.27 13.76 13.86
6 Cynophalla exuosa — — — — 0.31 0.31
7 Leucaena trichodes 5.52 7.06 — — 0.25 0.29
8 Zanthoxylum sprucei — — 0.19 0.20 1.61 1.64
9 Croton eggersii — — 4.48 4.40 0.10 0.11
10 Croton fraseri 0.11 0.14 — — 2.92 2.98
11 Ziziphus thyrsiora — — — — 5.41 5.48
12 Melampodium divaricatum — — 0.18 0.21 0.31 0.32
13 Agonandra sylvatica — — — — 1.20 1.20
14 Pithecellobium arboretum — — 3.45 3.58 0.42 0.44
15 Bonellia sprucei — — 0.92 0.96 — —
16 Cordia macrocephala — — 1.42 1.51 — —
17 Trema integerrima 6.35 6.65 — — — —
18 Pseudosamanea guachapele 4.87 5.00 — — — —
19 Cordia macrantha 4.14 4.25 — — — —
20 Ximenia americana 4.28 4.51 — — — —
21 Sesbania herbacea 1.42 1.65 — — — —
22 Acnistus arborescens 0.17 0.18 — — — —
23 Guazuma ulmifolia 0.53 0.72 — — — —

Total by climatic period 27.40 30.17 12.78 13.12 37.08 37.66
Total by forest type 28.79 � 1.96 12.95 � 0.24 37.37 � 0.41
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even exceed the values recorded in Caicó, Brazil, where biomass
levels were as low as 8.9 Mg ha−1.96

The PCA biplot in Fig. 4, provides a clear visualization of the
variability in CAGB contributions among plant species across
Fig. 3 Carbon contribution (%) of main plant species by sites and clima
Deciduous Pacific Forest of the Equatorial Coast; LDF: Lowland Decidu
period. Different numbers of asterisks indicate statistically significant diff

© 2025 The Author(s). Published by the Royal Society of Chemistry
the three TDF subtypes. Together, the rst two principal
components explain 85.71% of the total variability, with PC1
accounting for 46.05% and PC2 for 39.66%. This high
percentage indicates that most of the variability in species
tic periods. LSF: Jama-Zapotillo Lowland Semideciduous Forest; SPF:
ous Forest and Shrubland of Jama-Zapotillo. (a) Rainy period; (b): dry
erences between sites (P < 0.05).
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Fig. 4 Principal component analysis of variability in CAGB contributions among plant species across the three TDF subtypes. LSF: Jama-Zapotillo
Lowland Semideciduous Forest; SPF: Deciduous Pacific Forest of the Equatorial Coast; and LDF: Lowland Deciduous Forest and Shrubland of
Jama-Zapotillo. T.i: Trema integérrima, P.g: Pseudomanea guachapele, C.ma: Cordia macrantha, X.a: Ximenia americana, S.h: Sesbania
herbácea, C.f: Croton fraseri, A.a: Acnistus arborescens,G.u: Guazuma ulmifolia, L.t: Leucaena trichodes, C.e: Croton eggersii, B.s: Bonellia
sprucei, Z.s: Zanthoxylum sprucei, P.a: Pithecellobium arboreum, C.l: Cordia lutea,M.d:Melampodium divaricatum, C.m: Cordia macrocephala,
C.h: Cynophalla heterophylla, V.c: Varronia curassavica, P.am: Phyllanthus amarus, T.h: Tournefortia hirsutissima, C.f: Cynophalla flexuosa, A.s:
Agonandra silvatica, and Z.t: Ziziphus thyrsiflora.
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contributions to carbon stocks across these subtypes is well
represented. The plot reveals strong differentiation among the
forest subtypes, as indicated by the directions and lengths of the
vectors, which reect variability in species contributions and
the ecological characteristics of each forest.

The LDF vector, extending strongly along the positive PC1
axis, underscores signicant variability in CAGB contributions
by its species. Dominant species associated with LDF, such as
Cordia lutea (C.l), Tournefortia hirsutissima (T.h) and Ziziphus
thyrsiora (Z.t), are positioned far along PC1, suggesting their
substantial contributions to biomass in this subtype. This
pattern reects the ecological adaptability of these species to
the drier and more open conditions characteristic of LDF. In
contrast, the SPF exhibited shorter vector pointing sharply
upward along PC2, driven by species such as Bonellia sprucei
(B.s), Croton eggersii (C.e) and Pithecellobium arboretum (P.a),
which are prominently associated with high biomass.

Meanwhile, the LSF vector is positioned in the negative PC1
region, suggesting lower variability in species contributions to
biomass. Species such as Trema integerrima (T.i), Leucaena tri-
chodes (L.t), and Pseudomanea guachapele (P.g) are closely
aligned with LSF, indicating a higher and more balanced
distribution of carbon biomass contributions among these
species. This stability may reect the less fragmented and more
consistent environmental conditions of LSF compared to the
other forest subtypes. The clustering of species near the origin,
such as Cordia macrantha (C.ma) and Cynophalla heterophylla
(C.h), suggests shared contributions across multiple subtypes or
relatively low variability in biomass contributions.

These patterns emphasize the ecological and functional
differences between the TDF's subtypes in terms of species
1672 | Environ. Sci.: Adv., 2025, 4, 1663–1683
identity and carbon dynamics. The high variability in LDF
reects its transitional nature, with a mix of drought-tolerant
shrubs and deciduous trees that dominate its carbon storage
potential. The SPF, on the other hand, demonstrates
pronounced species dominance, highlighting its adaptation to
seasonal drought and coastal inuences. In contrast, the LSF
presents a more uniform distribution of species contributions
to biomass, reecting its relatively stable ecosystem and less
extreme environmental variability.97,98 These ndings under-
score the importance of considering species-specic contribu-
tions and forest subtype characteristics when assessing carbon
dynamics and ecosystem functioning in TDFs.

3.3.2 Litterfall carbon among tropical dry forests. The
amount of allometric carbon is directly related to plant species
identity present in the forests, rather than to the number of
individuals. However, the variation in the amount of carbon in
litterfall differs signicantly between climatic periods99,100

(Fig. 5A, B; SI 12 and 13).
In the monthly C-litterfall analysis (Fig. 5A), the LSF showed,

on average, the highest contribution during both periods (rainy
and dry), with values ranging from 0.18 Mg ha−1 (rainy) to 0.59
Mg ha−1 (dry). In contrast, the SPF and LDF exhibited very
similar monthly C-litterfall values, varying from 0.04 Mg ha−1

(SPF, dry) to 0.11 Mg ha−1 (SPF, rainy).
Values of three-month average C-litterfall in the LSF were

found to be higher during the dry period (0.57 Mg ha−1) than
during the rainy period (0.21 Mg ha−1) (Fig. 5B). This result is
consistent with other studies,85–87 indicating an inverse rela-
tionship between leaf fall and the precipitation rate in forests
with large trees.88,89 These trees oen have mechanisms to cope
with low water levels, such as shedding leaves to reduce water
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Litterfall carbon across forests and climatic periods. (A): Monthly C-litterfall; (B): three-month average C-litterfall. LSF: Jama-Zapotillo
Lowland Semideciduous Forest; SPF: Deciduous Pacific Forest of the Equatorial Coast; and LDF: Lowland Deciduous Forest and Shrubland of
Jama-Zapotillo. Different lowercase letters indicate statistically significant differences between sites and climatic period interactions (P < 0.05).
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loss through transpiration.85–87 In the case of SPF and LDF,
a decrease in the three-month average C-litterfall was observed
compared to LSF. In SPF, values of 0.08 Mg ha−1 during the
rainy period and 0.04 Mg ha−1 during the dry period, respec-
tively, were recorded while in LDF, similar values of 0.08 Mg
ha−1 in the dry period and 0.07 Mg ha−1 in the rainy period were
observed.

When comparing the three-month average C-litterfall among
forest subtypes, it was evident that the values did not show
signicant differences during the rainy period (Fig. 5B).
However, in the dry period, there was a clear disparity, with the
LSF value being considerably higher than those of the SPF and
LDF forests, which presented very similar values. This is prob-
ably because the plant species present in these forests (SPF and
LDF) do not have many leaves in their canopies, resulting in less
variation between the stages.101,102 It is noteworthy that a key
factor in this disparity could be the severity of dryness during
the dry period in each forest.

These contrasting patterns of C-litterfall among forest
subtypes may be attributed to differences in forest structure,
species composition, and local climatic conditions. In the LSF,
the presence of taller trees with larger diameters and denser
canopies, such as Trema integerrima and Leucaena trichodes,
likely contributes to the more pronounced litterfall observed
during the dry season. These species are known to shed leaves
as a water-saving strategy during drought periods, a mechanism
commonly reported in deciduous tropical dry forest.103,104

Conversely, the SPF and LDF sites are structurally more open,
with lower canopy heights and a greater proportion of shrub or
semi-evergreen species, which exhibit slower and less synchro-
nized leaf turnover across seasons. This aligns with previous
studies indicating that in drier and more xeric TDFs, litter
production may remain relatively constant due to limited foliar
biomass and reduced seasonality in leaf phenology.105 Addi-
tionally, higher temperatures and lower precipitation in SPF
and LDF may further constrain primary productivity and litter
© 2025 The Author(s). Published by the Royal Society of Chemistry
accumulation, limiting the seasonal signal in litterfall carbon.
Such ndings underscore the role of vegetation traits and
climatic gradients in shaping carbon cycling across TDF
landscapes.

The average C-litterfall values found in the SPF and LDF sites
show similarities with those reported in tropical forests in
Brazil106 and slightly higher than those recorded in forests in
Mexico, Colombia, and Ethiopia.99,106,107 As for the LSF, its re-
ported values resemble those of dry tropical forests in
Thailand.108,109

3.3.3 Soil organic carbon among tropical dry forests. The
variability of soil organic carbon (SOC) stocks by depth and
among plots across the three tropical dry forest subtypes could
be observed in Fig. 6.

The results presented in Fig. 6 highlight clear differences in
SOC stocks between soil depths (D1 and D2) and among indi-
vidual plots within each forest subtype. Across all three forest
subtypes, the upper soil layer (D1) consistently exhibits higher
SOC values compared to the deeper layer (D2), demonstrating
the predominant accumulation of organic carbon in surface
soils.

In the LSF, SOC stocks in D1 (0–40 cm) are particularly high,
with plots P1 and P4 reaching 85.7 Mg ha−1 and 67.7 Mg ha−1,
respectively. In contrast, SOC values in D2 (40–80 cm) remain
slightly lower across all plots (except P4), indicating
a pronounced vertical gradient of SOC in this forest subtype.
This pattern could suggest that organic matter inputs, such as
leaf litter and ne roots, primarily accumulate and are retained
in the upper soil layers.63,110,111 In the SPF, SOC stocks in D1 are
generally lower compared to the LSF, ranging from 54.7 to 73.6
Mg ha−1. SOC values in D2 are consistently lower than those
observed in the LSF and LDF. For instance, plots P6 and P8
show a relatively smaller gap between D1 and D2 SOC stocks.
For the LDF, SOC stocks in D1 consistently exceed 61 Mg ha−1

across all plots, with the highest value observed in P10 (74.5 Mg
ha−1). SOC stocks in D2 for the LDF are slightly higher than
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1673
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Fig. 6 Soil organic carbon across depths and plots. SOC: soil organic
carbon; LSF: Jama-Zapotillo Lowland Semideciduous Forest; SPF:
Deciduous Pacific Forest of the Equatorial Coast; LDF: Lowland
Deciduous Forest and Shrubland of Jama-Zapotillo; Plots P1 to P4
belong to the LSF (bars in gray), P5 to P8 belong to the SPF (bars in red),
and P9 to P12 belong to the LDF (bars in blue). D1: soil depth 0–40 cm;
D2: soil depth 40–80 cm.

Fig. 7 Soil organic carbon by depth across forests subtypes (study
sites). SOC: soil organic carbon; LSF: Jama-Zapotillo Lowland Semi-
deciduous Forest; SPF: Deciduous Pacific Forest of the Equatorial
Coast; LDF: Lowland Deciduous Forest and Shrubland of Jama-
Zapotillo; D1: soil depth 0–40 cm; D2: soil depth 40–80 cm. Statistical
differences between depths (D1 vs.D2) within each forest subtypes are
indicated by lowercase letters.
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those in the SPF but slightly lower than those in the LSF. Among
the plots, the highest D2 value was recorded in P11 (65.1 Mg
ha−1), where SOC in D2 is nearly equivalent to D1, suggesting
a more even vertical distribution.

Spatially, SOC stocks vary among plots within each forest
subtype. The LSF and LDF exhibit the highest SOC concentra-
tions in D1 across all subtypes, while the SPF generally shows
slightly lower SOC stocks across both soil depths. These spatial
and vertical differences in SOC storage likely reect the
combined effects of forest subtype-specic characteristics, local
environmental factors, and plot-level variability in soil proper-
ties and plant dynamics.112,113 In general, these ndings suggest
that deeper root systems or enhanced belowground processes,
such as the transport or stabilization of organic matter in
deeper horizons, may play a signicant role in the carbon
storage potential of these forest subtypes.110

Fig. 7 shows that SOC stocks in the upper layer (D1) are
consistently higher than in the deeper layer (D2) across all forest
subtypes. In the LSF, SOC in D1 reaches 68.4 Mg ha−1, while D2
contributes 60.5 Mg ha−1. In contrast, in the SPF, D1 SOC
averages 65.6 Mg ha−1, while D2 decreases to 43.0 Mg ha−1.
Similarly, in the LDF, SOC in D1 averages 68.4 Mg ha−1

compared to 56.3 Mg ha−1 in D2. Among the TDF subtypes, the
largest variation in SOC between depths was observed in the
SPF, with more than a 21% difference in D1. This pattern
indicates that upper soil layers accumulate more carbon than
deeper layers in all forest subtypes, although the magnitude of
this difference varies.

Although the average SOC was higher in D1 (0–40 cm depth),
the relative contribution of D2 to total SOC was signicant,
ranging from 40% in SPF to 45.2% in LDF, with the highest
contribution observed in LSF at 47%. The greater contribution
in LSF suggests that processes such as deeper root systems or
1674 | Environ. Sci.: Adv., 2025, 4, 1663–1683
slower carbon turnover may be more prominent in this forest
subtype, emphasizing the importance of both vertical and
spatial variability in SOC distribution.111

Fig. 8 presents SOC stocks (Mg ha−1) for two soil depths (D1;
D2) and climatic periods (rainy and dry).

During the rainy season, SOC in the upper soil layer (D1) is
80.6 Mg ha−1, while the lower layer (D2) contains 75.6 Mg ha−1,
indicating a slight but signicant difference between depths. In
contrast, during the dry season, SOC in D1 decreases to 54.3 Mg
ha−1, and D2 drops to 44.0 Mg ha−1, showing a more
pronounced vertical variation. These ndings suggest that the
rainy period helps maintain relatively uniform SOC stocks
between the upper and lower soil layers, whereas the dry period
intensies SOC stratication, with the upper layer (D1) retain-
ing more carbon than the subsurface layer (D2). Climatic vari-
ations signicantly inuence SOC stocks, with both layers
experiencing reductions from the rainy to the dry season.114

During the dry season, SOC in the upper layer (D1) decreases by
32.6% compared to the rainy season, while D2 shows an even
greater reduction of 41.9%. These ndings highlight the
sensitivity of SOC stocks to climatic conditions, particularly in
the lower soil layer, which appears more vulnerable to moisture
limitations during the dry period.115

These results reveal distinct patterns of SOC dynamics
driven by depth and climatic periods. During the rainy season,
SOC is relatively evenly distributed between D1 and D2, likely
due to increased organic matter inputs, enhanced microbial
activity, and the percolation of dissolved organic carbon to
deeper soil layers under moist conditions.58,116 However, during
the dry period, SOC stocks are reduced at both depths, with the
surface layer (D1) retaining more carbon than the lower layer
(D2). This suggests that the surface layer benets from its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Soil organic carbon by depth and climatic periods (rainy and
dry). SOC: soil organic carbon; D1: soil depth 0–40 cm; D2: soil depth
40–80 cm. Statistical differences between depths (D1 vs. D2) within
each climatic period are indicated by lowercase letters, while differ-
ences in total SOC between climatic periods are denoted by upper-
case letters. Error bars represent standard deviations.
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proximity to organic inputs, while the subsurface layer is more
susceptible to carbon depletion when water availability is
limited.115

These patterns underscore the importance of seasonal
rainfall in maintaining SOC stocks in tropical dry forests. The
pronounced reduction in SOC during the dry period, particu-
larly at D2, indicates that prolonged droughts or shis in
rainfall regimes could disproportionately affect the subsurface
soil, potentially leading to long-term carbon losses. Moreover,
the observed vertical stratication during the dry period high-
lights the critical role of the surface layer in preserving SOC
under moisture-limited conditions.

Seasonal differences in SOC stocks observed in Fig. 8 reect
the inuence of climatic variability on soil carbon dynamics in
tropical dry forests. Although SOC is generally considered
a stable pool, emerging evidence suggests that short-term
uctuations are possible in response to seasonal shis in soil
moisture, organic inputs, and microbial activity.117,118 During
the rainy season, increased root exudation, litter decomposi-
tion, and microbial turnover likely contribute to higher SOC
retention, whereas during the dry season, limited water avail-
ability may suppress microbial processes and accelerate SOC
mineralization or redistribution.119,120 These ndings under-
score the need to reconsider the assumption of SOC invari-
ability over short timeframes, particularly in ecosystems with
strong seasonality.

3.3.4 Carbon pool components in tropical dry forests. To
compare the carbon pools across the three components (SOC,
CAGB and C-litterfall) of tropical dry forests, a multi-level
graphic (spatial and temporal) analysis was performed (Fig. 9).

Fig. 9A–C illustrate the depth-weighted average SOC distri-
bution across sampling plots, forest subtypes, and climatic
periods. SOC values exhibit considerable spatial variability
© 2025 The Author(s). Published by the Royal Society of Chemistry
across plots (Fig. 9A), ranging from 46.6 Mg ha−1 in P8 of SPF to
over 78.0 Mg ha−1 in P1 of LSF. When compared across forest
subtypes (Fig. 9B), LSF consistently has the highest SOC values
(64.4 Mg ha−1), followed by LDF (62.4 Mg ha−1) and SPF (54.3
Mg ha−1). While the SOC stocks (depth-weighted average)
among forest subtypes show limited variability overall, signi-
cant statistical differences were observed between LSF and SPF.
The ranking of SOC stocks by forest subtype is as follows: LSF >
LDF > SPF, emphasizing the higher carbon storage capacity of
LSF relative to the other forest types.

Regarding climatic periods (Fig. 9C), the depth-weighted
average SOC is signicantly higher during the rainy period
(78.1 Mg ha−1) compared to the dry periods (49.1 Mg ha−1),
highlighting the seasonal inuence on soil carbon accumula-
tion. Additionally, strong statistical differences in SOC were
observed between these two climatic periods, further empha-
sizing the impact of seasonal variation (Fig. 9C).

The range of CAGB across sampling plots (Fig. 9D) is nar-
rower compared to SOC, varying from less than 5.8 Mg ha−1 in
some LDF plots (e.g., P6) to over 58.2 Mg ha−1 in P10 of LSF.
Forest comparisons (Fig. 9E) show that LDF has the highest
CAGB (37.3 Mg ha−1), followed by LSF (28.8 Mg ha−1), while SPF
exhibits signicantly lower values (12.9 Mg ha−1). In general, no
signicant differences in CAGB were found between LSF and
LDF, while SPF showed markedly lower values compared to
both forest types. Additionally, no signicant variation in CAGB
was observed between climatic periods (Fig. 9F), indicating that
aboveground biomass carbon remains relatively stable across
seasons.

The C-litterfall values (Fig. 9G) are considerably lower in
magnitude compared to SOC and CAGB, ranging from 0.04 Mg
ha−1 in SPF (P6) to 0.7 Mg ha−1 in LSF (P7). Forest comparisons
(Fig. 9H) show that LSF has signicantly higher litterfall carbon
(0.4 Mg ha−1) than both SPF (0.06 Mg ha−1) and LDF (0.07 Mg
ha−1). Comparisons between climatic periods (Fig. 9I) suggest
higher C-litterfall during the dry season, likely due to increased
leaf shedding; however, these differences were not statistically
signicant.
3.5 Quantication of global carbon components across the
three tropical dry forests

The results presented in Table 5 summarize differences in the
distribution and dynamics of carbon pools (SOC, CAGB and C-
litterfall) across the three TDF subtypes on the Ecuadorian
coast.

The sum of total carbon stocks (by periods) varied signi-
cantly between climatic periods, highlighting the impact of
seasonal changes on carbon dynamics (Table 5; SI 14 and SI15).
LDF consistently exhibited higher carbon stocks, followed by
LSF. In contrast, SPF had the lowest total carbon stocks.

The LSF and LDF appear to better buffer seasonal changes in
carbon stocks, likely due to higher inputs of organic material,
greater carbon stabilization mechanisms in the soil, or more
robust vegetation cover. In contrast, the SPF's lower and more
variable carbon stocks suggest that it is more vulnerable to the
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1675
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Fig. 9 Carbon pool trends across tropical dry forests. (A, D andG) Carbon pool variation across sampling plots; (B, E andH): carbon pool variation
across forest subtypes; and (C, F and I): carbon pools across climatic periods. SOC: depth-weighted average (0–80 cm) of soil organic carbon (n
= 72); CAGB: carbon aboveground biomass (n = 12); C-litterfall: 3 month-average of carbon litterfall (n = 216). LSF: Jama-Zapotillo Lowland
Semideciduous Forest; SPF: Deciduous Pacific Forest of the Equatorial Coast; LDF: Lowland Deciduous Forest and Shrubland of Jama-Zapotillo.
In (A, D and G), plots P1 to P4 belong to the LSF (bars in gray), P5 to P8 to the SPF (bars in red), and P9 to P12 to the LDF (bars in blue). Statistical
differences between forests and climatic periods are indicated by lowercase letters (P < 0.05). Error bars represent standard deviations.
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effects of climatic seasonality, potentially due to differences in
forest structure, soil properties, or reduced carbon inputs.

The sum of total carbon by forest subtypes reveals the overall
capacity of each forest subtype to store carbon on an annual
basis. The LDF exhibited the highest total annual average
carbon, followed by the LSF and the SPF. These averages further
support the ndings that the LDF and LSF are more carbon-
dense forest subtypes, with the LSF maintaining substantial
carbon stocks despite the seasonal uctuations in litterfall and
SOC.
Table 5 Sum of total carbon stock across forest subtypes and climatic
components: aboveground biomass carbon (CAGB), litterfall carbon (litte
made at two soil depths: D1 (0–40 cm) and D2 (40–80 cm). These values
differences in soil layer thickness. The total extrapolated carbon stocks
subtype by the total forest patch area. LSF: Jama-Zapotillo Lowland Se
Coast; LDF: Lowland Deciduous Forest and Shrubland of Jama-Zapotillo

Carbon quantication

LSF

Rainy Dry

Sum of total carbon (Mg ha−1)
(climatic period)

103.34 84.

Sum of total carbon (Mg ha−1)
(forest subtypes)

94.0

Total extrapolated carbon of forest
patches (Mg)

3113.3

1676 | Environ. Sci.: Adv., 2025, 4, 1663–1683
The extrapolated total carbon stocks, calculated by multi-
plying the sum of total carbon for each forest subtype by the
total forest patch area (as established by the Ministry of Envi-
ronment, Water, and Ecological Transition of Ecuador)46 high-
light the signicant role these forests play in regional carbon
sequestration. The LDF, with the highest total carbon per patch,
extrapolates to approximately 526 133.3 Mg, followed by the SPF
with 463 133.0 Mg, and the LSF with 3113.3 Mg. The LDF, with
the highest sum of total carbon per patch, extrapolates to
approximately 526 133.3 Mg, followed by the SPF and LSF with
periods. Total carbon stock was estimated by summing three major
rfall-C), and soil organic carbon (SOC). For SOC, determinations were
were integrated by applying a depth-weighted average to account for
was calculated by multiplying the sum of total carbon for each forest
mideciduous Forest; SPF: Deciduous Pacific Forest of the Equatorial

SPF LDF

Rainy Dry Rainy Dry

66 82.21 52.59 107.24 92.52

67.4 99.9

463 133.0 526 133.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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463 133.0 and 3113.3 Mg, respectively. These extrapolated esti-
mates for the three TDF patches suggest that LDF and SPF have
signicant carbon storage capacities at the landscape scale.
However, it is important to note that our study used the surface
area of the specic patches where the plots are located. This
means the total extrapolated carbon does not account for all
patches of each forest subtype.
3.6 Implications and fragility of carbon storage potential

The carbon storage potential in the forests was determined by
averaging the values from the two soil depths, summing the
aboveground biomass carbon obtained from allometric equa-
tions and the carbon obtained from leaf litter. The highest
amount of carbon in the forests was found in the soil, followed
by aboveground biomass (allometric carbon) with the smallest
amount of litterfall carbon. The total carbon stock was deter-
mined for each forest subtype, considering the average carbon
storage potential between the rainy and dry periods to obtain an
interpolated value representing the total carbon quantity at the
forest subtypes.

The forest that showed the highest carbon storage potential
was the LDF, closely followed by the LSF, and nally the SPF
forest (Table 5). The carbon storage potential results at the study
sites reveal signicant variations. The values obtained exceed
those reported in deciduous dry forests and dry shrub forests on
the Ecuadorian coast,67 and are similar to those reported in dry
tropical forests in Madhya, India,121 but lower than those re-
ported in the dry tropical forests of Michoacán, Mexico.122 These
differences can be attributed to species diversity, as explained in
previous paragraphs, the age of the forests, and climatic factors
that have not been considered. Understanding these variations
is crucial for designing strategies to combat climate change,
conserve forests, and maximize carbon capture.

The importance of determining carbon stock at the study
sites lies in understanding their potential as possible carbon
sinks or sources. According to the literature, TDFs are currently
considered highly fragile ecosystems, even more so than wetter
ecosystems.123 This is because they experience a severe increase
in carbon losses, and their annual carbon gain rate is lower
compared to the losses. This is largely attributed to rising
temperatures, increased CO2 levels, which lead to longer
drought periods, affecting SOC, soil microorganisms, and plant
species within these ecosystems.123,124

Although the carbon production from litterfall and above-
ground biomass was higher during the dry period, carbon
storage potential was greater during the rainy period. This is
because the major portion of storage is determined by the SOC,
which decreased during the dry period, directly affecting carbon
storage potential. The carbon obtained from AGB is the most
stable portion of carbon storage between climatic periods, as
shown in this research; it may even persist over time,85 unlike
SOC, which varies between climatic periods. According to Pel-
letier,125 high allometric carbon values play a crucial role in
carbon sequestration and contribute to forests being consid-
ered sinks; in this case, the LSF and LDF subtypes would be
favored as potential carbon sinks.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.7 Study limitations and potential sources of bias

Despite the robust design of our study, which was validated in
other ecosystems and temporal contexts, several limitations
and potential sources of bias must be acknowledged. The
inherent spatial heterogeneity of tropical dry forest soils
suggests that larger sample sizes might be needed to fully
capture true population parameters.126 Although our sampling
intensity followed established protocols, it may have been
insufficient to characterize the ne-scale variability of these
ecosystems.

One important limitation is the extrapolation of carbon
stock estimates from a relatively small number of sampling
plots per forest subtype (n = 4). While this small plot count
provides an indicative measure of carbon stocks at the patch
scale under standardized conditions, it is not intended to
represent regional averages. Notably, there is no universally
prescribed number of plots for tropical forest carbon assess-
ments, and similar small-plot approaches have been employed
in global assessments, particularly in understudied dry forest
systems.126,127

However, the limited number of plots in our study constrains
statistical power and reduces the robustness of broader gener-
alizations. Accordingly, our reported carbon stock values should
be viewed as preliminary baselines or reference points for
hypothesis generation rather than denitive landscape-level
estimates. Future studies incorporating a greater number of
plots per subtype and replication across multiple years would
enhance the reliability of extrapolations and allow more
rigorous estimation of uncertainty.

Beyond sampling intensity considerations, the physical
characteristics of tropical dry forest soils pose additional chal-
lenges for accurate measurement. Coarse fragments and
abundant root material can introduce bias in soil bulk density
(SBD) measurements, particularly when using standard core
sampling techniques.128,129 Furthermore, the shallow, rocky
soils typical of these forests present additional challenges for
consistent core extraction and accurate volume determination,
potentially introducing additional error in SBD estimation.

Timing of sampling constitutes another potential source of
bias. Tropical dry forests exhibit strong seasonal moisture
uctuations, so the timing of soil sampling relative to rainfall
events can signicantly inuence soil moisture content and
thus the measured bulk density.130 Even slight differences in
sampling dates between sites or seasons could lead to notice-
able variations in SBD. Additionally, unquantied distur-
bances—such as the animal activity observed at the LSF and SPF
sites—acted as uncontrolled variables that may systematically
bias some site or seasonal comparisons. Because the extent and
timing of these disturbances were not quantied, their effects
could not be accounted for statistically.

Analytical precision in the laboratory further limits the
resolution of our ndings. Instrumental uncertainties –

including those associated with analytical balances, volumetric
measurements, and oven temperature stability – introduce
a margin of error into soil metrics.131,132 While our gravimetric
method was sensitive enough to detect subtle variations in SBD,
Environ. Sci.: Adv., 2025, 4, 1663–1683 | 1677
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the accumulation of small measurement errors might still mask
ecologically meaningful differences between treatments or
depths.

Finally, our study's chronosequence approach—comparing
forests of different ages and disturbance histories—assumes
similar initial conditions and developmental trajectories across
sites. In reality, site-specic differences in geological substrate,
microclimate and past disturbance regimes may violate this
assumption.133,134 Consequently, some differences attributed to
forest age or successional stage might reect inherent site
conditions rather than the effects of time or management alone.

4 Conclusions

Carbon dynamics across the three tropical dry forest subtypes
revealed distinct patterns, with soil organic carbon (SOC)
constituting the dominant pool, followed by aboveground
biomass carbon and litterfall carbon. The Jama-Zapotillo
Lowland Semideciduous Forest consistently exhibited superior
carbon storage capacity, while the Deciduous Pacic Forest of
the Equatorial Coast showed the lowest stocks, demonstrating
the critical inuence of forest structure on carbon distribution.
Seasonal variability emerged as a key driver of carbon dynamics,
particularly affecting litterfall production during rainy periods,
reecting the pronounced climatic sensitivity characteristic of
tropical dry ecosystems.

SOC represents the most substantial and stable carbon
reservoir in these forests, with signicant contributions from
deeper soil layers that are oen overlooked in carbon assess-
ments. The persistent carbon storage at 40–80 cm depth
emphasizes the necessity of comprehensive soil sampling proto-
cols to avoid systematic underestimation of ecosystem carbon
potential. This nding underscores the fundamental role of soils
as primary carbon sinks in tropical dry forest ecosystems.

Climatic periodicity strongly inuences all carbon compo-
nents, with enhanced productivity and carbon cycling during
rainy seasons reecting the dynamic nature of these seasonally-
driven ecosystems. These temporal variations are intrinsically
linked to biodiversity patterns and ecosystem functionality,
highlighting the complex interactions between climate, carbon
dynamics, and ecological processes in tropical dry forests.

The strategic importance of comprehensive carbon moni-
toring in Ecuadorian coastal dry forests extends beyond scien-
tic understanding to inform climate change mitigation and
adaptation strategies. These ecosystems function as signicant
carbon sinks while remaining highly vulnerable to anthropo-
genic pressures, including agricultural conversion and livestock
impacts. Effective conservation requires targeted policies that
prioritize preventive management, maximize carbon seques-
tration potential, and strengthen ecosystem resilience.

This research advances understanding of carbon dynamics
in understudied tropical dry forest subtypes, demonstrating
their critical role in global carbon storage and biodiversity
conservation. Effective management and preservation of these
forests are essential for maintaining their carbon sequestration
services and ensuring their continued contribution to climate
change mitigation efforts.
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34 R. Mäkipää, R. Abramoff, B. Adamczyk, V. Baldy, C. Biryol,
M. Bosela, et al., How does management affect soil C
sequestration and greenhouse gas uxes in boreal and
temperate forests? – a review, For. Ecol. Manage., 2023,
529, 120637.

35 N. Krüger, D. R. Finn and A. Don, Soil depth gradients of
organic carbon-13 – a review on drivers and processes,
Plant Soil, 2023, 495(1), 113–136.

36 L. G. Garrett, A. K. Byers, K. Wigley, K. A. Heckman,
J. A. Hatten and S. A. Wakelin, Liing the Prole of Deep
Forest Soil Carbon, Soil Syst., 2024, 8(8), 105.

37 A. D. Agbelade and J. C. Onyekwelu, Tree species diversity,
volume yield, biomass and carbon sequestration in urban
forests in two Nigerian cities, Urban Ecosyst, 2020, 23,
957–970.
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