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Abstract The carbon balance of secondary dry tropical
forests of Mexico’s Yucatan Peninsula is sensitive to
human and natural disturbances and climate change. The
spatially explicit process model Forest-DeNitrification-
DeComposition (DNDC) was used to estimate forest
carbon dynamics in this region, including the effects of
disturbance on carbon stocks. Model evaluation using
observations from 276 sample plots in a tropical dry forest
in the Yucatan Peninsula indicated that Forest-DNDC can
be used to simulate carbon stocks for this forest with good
model performance efficiency. The simulated spatial var-
iability in carbon stocks was large, ranging from 5 to
115 Mg carbon (C)ha−1, with a mean of 56.6 Mg
Cha−1. Carbon stocks in the forest were largely influenced
by human disturbances between 1985 and 2010. Based on
a comparison of the simulations with and without distur-
bances, carbon storage in the year 2012 with disturbance
was 3.2 Mg C ha−1, lower on average than without

disturbance. The difference over the whole study area
was 154.7 Gg C, or an 8.5 % decrease. There were
substantial differences in carbon stocks simulated at indi-
vidual sample plots, compared to spatially modeled out-
puts (200 m2 plots vs. polygon simulation units) at some
locations due to differences in vegetation class, stand age,
and soil conditions at different resolutions. However, the
difference in the regional mean of carbon stocks between
plot-level simulation and spatial output was small. Soil
CO2 and N2O fluxes varied spatially; both fluxes in-
creased with increasing precipitation, and soil CO2 also
increased with an increase in biomass. The modeled spa-
tial variability in CH4 uptake by soils was small, and the
flux was not correlated with precipitation. The net ecosys-
tem exchange (NEE) and net primary production (NPP)
were nonlinearly correlated with stand age. Similar to the
carbon stock simulations, different resolutions resulted in
some differences in NEE and NPP, but the spatial means
were similar.
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1 Introduction

Carbon (C) sequestration in forest ecosystems, includ-
ing secondary tropical dry forests, is an important con-
stituent of the terrestrial C sink that contributes to re-
ducing the concentration of CO2 in the atmosphere
(Trettin et al. 2006; Miehle et al. 2006; Birdsey et al.
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2007; Ryan 2008; Pan et al. 2011; Charman et al. 2013).
Carbon sequestration in forests can be impacted by
changes in surface air temperature, which has increased
by 0.8 °C in the last hundred years (Hansen et al. 2006;
IPCC 2007), and is now increasing at a rate of 0.2 °C per
decade (IPCC 2007). Warming temperature is widely
viewed to be the result of increasing emissions of green-
house gases (GHG) such as CO2 from human activities,
primarily related to deforestation and fossil fuel con-
sumption. On the other hand, conversion of croplands to
forests and regeneration after deforestation may help
regulate global CO2 concentrations by maintaining or
increasing the terrestrial C sink. Accordingly, under-
standing carbon dynamics in tropical dry forest ecosys-
tems, especially secondary ecosystems, is critical not
only to assess the role of forests in mitigating global
warming but also to inform forest management deci-
sions (Birdsey et al. 2006).

There is also a need to assess how the C dynamics of
tropical dry forest ecosystems may respond to climate
change. Accumulation and consumption of C in forest
ecosystems is strongly related to soil moisture, which is
regulated by precipitation and temperature (Pietsch et al.
2003; Riveros-Iregui and McGlynn 2009; Pacific et al.
2009). Changes in temperature and/or precipitation in-
fluence the forest soil moisture regime (Dai et al. 2011)
and drive C dynamics in forest ecosystems (Raich and
Schlesinger 1992), especially in tropical dry forest eco-
systems where precipitation is less than potential evapo-
transpiration (Holdridge 1967; Borchert et al. 2002;
Bauer-Gottwein et al. 2011). Furthermore, secondary
tropical dry forests may be more sensitive to climate
change and anthropogenic disturbances than humid
tropical forests (Hodell et al. 1995; Kennard et al.
2002; Haug et al. 2003).

Many studies on C dynamics in tropical forests,
including observations and simulations using various
C models, have been conducted in the last several de-
cades (Bianchini et al. 2001; Kato et al. 2013). However,
C dynamics in secondary tropical dry forests has re-
ceived less attention than other tropical ecosystems
(Dupuy et al. 2012). There are substantial differences
in forest structure, composition, and environmental con-
ditions between tropical wet and dry forests although air
temperature and soils may be similar. Many evergreen
species in tropical wet forests can become deciduous or
semi-deciduous in tropical dry forests and grow slowly
due to water stress during the dry season (Daubenmire
1972). In summary, tropical dry forests are substantially

different from tropical wet forests not only in species
diversity but also in C accumulation and consumption.

The objectives of this study were threefold: (1) to
evaluate and validate a spatially explicit biogeochemical
model Forest-DeNitrification-DeComposition (DNDC)
using biomass observation from 276 plots (Hernandez-
Stefanoni et al. 2011; Dupuy et al. 2012) within a
tropical dry forest at Kaxil Kiuic in the Yucatan Penin-
sula in Mexico, (2) to assess the effect of disturbances
on C stocks, and (3) to estimate long-term dynamics of
C sequestration in this tropical dry forest.

2 Methods and Data

2.1 Study Area

The study area is a tropical dry semi-deciduous forest
landscape, about 350 km2, centrally located in the
Yucatan Peninsula, Mexico (20.02°–20.16° N, 89.60°–
89.39° W) (Fig. 1), mainly comprised of forestlands
(94 % of the area), with some croplands (about
5.35%) and urban areas (about 0.75%; Fig. 2). Swidden
agriculture has been the historical land use in this area
for over a thousand years (Rico-Gray and Garcia-
Franco, 1991; Turner et al. 2001; Hernandez-Stefanoni
et al. 2011; Dupuy et al. 2012). The current forest is a
secondary regrowth after abandonment of croplands and
after degradation due to harvesting of wood products.

The landscape topography consists of mosaics of low
and moderate hills and small flat areas. Slope ranges
from 0 to 90 %, with an average of 7 %. The elevation
varies from 0 to 176 m above mean sea level, with a
mean of 116 m. The climate is tropical, with a summer
rain period from June to October and a dry season
between November and May. The mean annual precip-
itation during the 38-year period from 1970 to 2007 was
less than 1,200 mm, based on the climate data
observed at five weather stations around Kaxil
Kiuic. The mean temperature is 26.5 °C in this 38-
year period (CONAGUA 2012).

The soil developed on limestone and is approximate-
ly neutral; pH ranges from 5.48 to 7.84 within the study
area, with a mean of 7.22, based on soil samples analysis
(Dupuy et al. 2012). Clay content varies considerably
(20.7–84.0 %) in rock-free soil, with a mean of 49.0 %.
The main soil types range from sandy clay to clay, but a
few soils are loam. The stone content in most soils is
high; visually estimated rock content is between 0 and
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90 %, with an average of 29 %; rock-free soil is rare in
this region. Soil organic matter (SOM) ranges from 2.54
to 72.0 % in rock-free soil, with a mean of 23 % (Dupuy
et al. 2012).

Vegetation in the forest area is regenerated after
deforestation/degradation or cropland abandonment.
An inventory of 276 plots was conducted in 2008–
2009 (Hernandez-Stefanoni et al. 2011); most study

sites were 7–74 years old in 2012, the mean age was
27. Stem density of woody plants ≥1 cm in diameter at
breast height (DBH 1.3 m) varies widely (2,550–
24,550) with a mean of 11,165 individuals ha−1, density
of trees 1≤DBH≤5 cm was 1,400–24,000 with a mean
of 9,511 individuals ha−1, and density of trees >5 cm in
DBH was 0–4,950 with an average of 1,654 stems ha−1.
Plant species richness in this study area is relatively
high, although it may be lower than the richness in
humid tropical forests in Mexico. There were 123 spe-
cies of trees >5 cm in DBH, and 41 species of trees 1–
5 cm in 2008–2009. The canopy structure and main
species have been reported by Hernandez-Stefanoni
et al. (2011) and Dupuy et al. (2012).

2.2 Field Measurements and Data Collection

Biomass was measured using 276 circular plots over a
350-km2 area to estimate C stocks in this forest (Fig. 2)
(Hernandez-Stefanoni et al. 2011). Twenty-three land-
scape units were delineated for measurements in order to
account for the whole range of forest fragmentation and
to evaluate the influence of landscape structure on spe-
cies richness and biomass in this forest landscape
(Hernandez-Stefanoni et al. 2011). The size of each
landscape unit was about 1 km2, in which 12 plots were
installed using a stratified sampling design to represent
different secondary forest cover classes. Tree height
(TH, m) was measured using a graduated telescopic
pole, and diameter at breast height (DBH, cm) was
measured using standard diameter tapes (Hernandez-
Stefanoni et al. 2011). Plot size was 200 m2 to estimate

Fig. 1 Kaxil Kiuic forest in the Yucatan Peninsula, Mexico

Fig. 2 Measurement sites for biomass and soils, and vegetation
distribution in 2005 derived from a SPOT 5 satellite image of
January 2005 (Hernandez-Stefanoni et al. 2011). yrs years
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the biomass for trees >5 cm in DBH, and a 50-m2

subplot within the 200-m2 plot was designed to measure
TH and DBH of trees 1≤DBH≤5 cm (Hernandez-
Stefanoni et al. 2011). Biomass was estimated using
the equations developed by Hughes et al. (1999) and
Cairns et al. (2003) for trees <10 cm and ≥10 cm in
DBH, respectively. The total biomass for each plot was
integrated from the different measurements and reported
as megagrams per hectare. Stand age of each of the
inventoried forest plots was estimated by interviewing
the land owners or users, especially those who were
≥40 years old (Hernandez-Stefanoni et al. 2011).

Soil samples were collected from each inventory
plot. Three 10-cm-deep soil samples were collected
from each plot at the center and at the northern and
southern edges. Soil organic matter (SOM), pH, and
texture were analyzed (Dupuy et al. 2012).

Climate data, including daily minimum and maxi-
mum temperature and daily precipitation, were available
from six weather stations. Five of the stations were
located near the study area, with data available from
1969 to 2007. One station is located in the study site and
has collected data since 2006. Because of missing data
for different times at different stations, the data were
integrated into one composite dataset for a 43-year
period from 1970 to 2012 for this study.

2.3 Spatial Data for Vegetation and Soil

The spatial distribution of vegetation was derived from
the SPOT 5 satellite image of January 2005, created by
Hernandez-Stefanoni et al. (2011). However, maps of
stand age for the entire study area are not available, and
the age varies spatially due to disturbances and land use
change, including wood product harvest and abandon-
ment of cropland. Because stand age is an important
parameter to estimate the spatial distribution of C stocks
using a modeling approach, stand age measurements
from the 276 plots were spatially interpolated with a
kriging method at 30-m resolution (Li and Heap 2008;
Jassim and Altaany 2013). Soil parameters, including
soil texture and SOM, were derived from field data
(Dupuy et al. 2012). The maps of vegetation type, soil
condition, and stand age were prepared at 30-m resolu-
tion. The vegetation map was converted from raster to
polygons based on the vegetation classes to produce
simulation units with distinct biophysiochemical char-
acteristics for the spatially explicit model. The polygon
size ranged from 0.0576 to 746.7 ha, with a mean of

1.17 ha. The maps of stand age and soil condition were
combinedwith vegetation type as spatially explicit mod-
el inputs.

2.4 Disturbances

A map showing year of recent disturbances (unpub-
lished, see “Acknowledgments”) for the period 1985
to 2010 was created from Landsat scenes using a forest
disturbance detection approach (Goward et al. 2008)
(Fig. 3). The disturbance types were determined by
comparing the disturbance map with the vegetation
map (Fig. 2) derived from the SPOT 5 satellite image.
We assumed that the disturbances that occurred between
1985 and 2010 were mainly due to land use change,
including urbanization and the conversion of lands from
forests to crops (mostly swidden agriculture), as well as
agricultural abandonment. Three disturbance types, de-
forestation to agriculture or urban land use, agricultural
abandonment, and forest product harvest, were identi-
fied to model the effects of disturbances on C stocks. If
the vegetation map showed the disturbed lands as for-
estlands at present and the disturbance map did not show
the lands as persistent forests, the disturbed lands were
considered as secondary forests regenerated after agri-
cultural abandonment. However, if the disturbance map
showed the lands as persistent forests with perturbations
and the vegetation map showed the lands as forests at
present, we assumed that the disturbances were due to
forest product harvests, and the forests regenerated after
the deforestation or degradation. The remaining distur-
bances were forest conversion to agriculture or urban
areas.

2.5 Model Setup and Validation

The biogeochemical model Forest-DNDC (Li et al.
2000; Stange et al. 2000) with a spatially explicit model-
ing approach (Dai et al. 2012) was used to estimate
spatiotemporal C dynamics for this tropical dry semi-
deciduous forest. Themodel is process-based, employed
to simulate forest growth and C and N dynamics in
forest ecosystems, including trace gas emissions, based
on the balance of water, light, and nutrition in forest
ecosystems (Li et al. 2000; Stange et al. 2000; Miehle
et al. 2006). The model integrates photosynthesis, de-
composition, nitrification-denitrification, carbon storage
and consumption, and hydrothermal balance in forest
ecosystems. The vegetation is divided into three layers:
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overstory, understory, and ground-growth. The vegeta-
tion of each layer is simulated based on competi-
tion for energy and nutrients. This model has been
tested and used for estimating GHG from forested
wetland and upland ecosystems and for assessing C
sequestration in forests in a wide range of climatic
regions, from boreal to tropical (Stange et al. 2000;
Zhang et al. 2002; Li et al. 2004; Kiese et al. 2005;
Kesik et al. 2006; Kurbatova et al. 2008; Dai et al.
2012). The main parameters for modeling C dy-
namics in this forested terrain are presented in
Table 1.

The model was set up to simulate spatial C
stocks for the Kaxil Kiuic forest and validated
using biomass observations from the 276 plots
within the forest. The model performance was eval-
uated with four widely used quantitative methods
(Dai et al. 2011), i.e., the coefficient of determina-
tion (R2, squared correlation coefficient), model
performance efficiency (E) (Nash and Sutcliffe
1970), percent bias (PBIAS), and the RRS [the
ratio of the root mean squared error (RMSE) to
SD (standard deviation)] (Moriasi et al. 2007).

E (−∞, 1) is the key variable used to evaluate the
model performance and is calculated as

E ¼ 1−
∑ Oi−Pið Þ2

∑ Oi−O
� �2 ð1Þ

where Oi, O , and Pi are observed values, observation
mean, and simulated results, respectively. The other
evaluation variables, PBIAS and RRS, are computed,
respectively, as

PBIAS ¼ ∑ Oi−Pið Þ
∑Oi

� 100 ð2Þ

RRS ¼ RMSE

SD
ð3Þ

where SD is the observed standard deviation; RMSE is
the root mean squared error between observed and sim-
ulated values, the equation is

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ Oi−Pið Þ2

n

s
ð4Þ

Fig. 3 Disturbances occurred in
Kaxil Kiuic forest between 1985
and 2010
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where n is the number of samples or the pairs of the
observed and simulated values.

2.6 Model Application

After validation, Forest-DNDC was used to simulate
current spatial C stocks to assess the effect of distur-
bances on C stocks and to estimate long-term C dynam-
ics in the forest. The model was run for a 75-year period,

starting from 1938, 1 year before the oldest trees regen-
erated in the forest, to assess C stocks, including the
effect of disturbances. Because there was no available
climate data for the period 1938 to 1969, we used the
data from 1970 to 2002 in place of the missing data for
the earlier period.

To assess long-term C dynamics in this forest, the
model was run for a 150-year period. Similar to the
simulation for assessing C stocks, the 75-year climate
dataset was repeated for the 150-year period. The bases
of the simulation time span are that (1) the oldest tree in
this forest was 75 years old in 2012 based on the
inventory (Hernandez-Stefanoni et al. 2011) due to land
use change and forest product harvest, (2) secondary
tropical dry forests in the Yucatan Peninsula may take
≥50 years to become mature after regeneration (Brown
and Lugo 1982, 1990; Eaton and Lawrence 2008), and
(3) the secondary forests regenerated from cropland
conversion may take longer to recover biomass to the
level of mature forests (Read and Lawrence 2003).
Therefore, a 150-year simulation period was deemed
necessary to cover the entire succession period of the
forest.

3 Results and Discussion

3.1 Model Evaluation

The results from the model validation using biomass
measurements from the 276 plots are presented in
Fig. 4a and Table 2. The coefficient of determination
(R2=0.83) (Fig.4a) and means from observations
(46.86 Mg C ha−1) and simulation (46.92 Mg C ha−1)
showed that the aboveground biomass simulated by
Forest-DNDC for the forest at Kaxil Kiuic was in good
agreement with the measurements, with a reasonable
slope (b=1.03) of the regression model between ob-
served and simulated values, which is approximately
1.0, and an intercept (a=−1.33 Mg C ha−1) that differs
by only 2.8 % from the observed average. The PBIAS
and RRS are −0.14 % and 0.46, respectively, within the
ranges of satisfactory rating values (PBIAS ±25%, RRS
≤0.7) (Moriasi et al. 2007). The model performance
efficiency (E=0.79) is within the range of “very good”
model performance rating (0.75≤E≤1.0).

The small divergence between observation and sim-
ulation may result from two sources of error. One is the
error in the stand age estimated by interviewing local

Table 1 Key vegetation and soil parameters for Forest-DNDC

Parameter Parameter

Initial leaf N (%) Leaf start TDD

AmaxA (mol g−1 s−1) Wood start TDD

AmaxB Leaf end TDD

Optimum photosynthetic
temperature (°C)

Wood end TDD

Minimum photosynthetic
temperature (°C)

Leaf N retranslocation

Amax fraction Senescence start day

Growth respiration fraction Leaf C/N

Dark respiration fraction Wood C/N

Wood maintain respiration
fraction

Leaf retention years

Root maintain respiration
fraction

C reserve fraction

Light half saturation constant C fraction of dry matter

Respiration Q10 Specific leaf weight (g m−2)

Canopy light attenuation Minimum wood/leaf

Water use efficiency Leaf geometry

DVPD1 Maximum N storage (kg N ha−1)

DVPD2 Maximum wood growth rate

Maximum leaf growth
rate (% yr−1)

Coefficient of stem density (0–1)a

Spatial soil, climate, vegetation, and hydraulic parameters

Soil organic carbon (%) Hydraulic Conductivities
(cm hr−1)

pH Wilting point (0–1)

Clay (%) Capacity (0–1)

Soil depth (cm, ≤150 cm) Porosity (0–1)

Overstory species Overstory age

Understory species Understory age

Ground-growth
(sedge and moss)

Daily minimum temperature (°C)

Daily maximum
temperature (°C)

Daily precipitation (mm)

The meaning and description of these parameters are in the manual
(http://www.dndc.sr. unh.edu)
a Usually, the coefficient of stem density is the ratio of forest to the
bare (non-forest) areas in each simulating unit, and from 0 to 1
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people (Hernandez-Stefanoni et al. 2011). If stand age at
a sample plot was substantially overestimated or
underestimated, a large error in biomass estimated by
the model might occur. For example, the observed

biomass for plot 1303 was 125.32 Mg C ha−1 (about
250 Mg dry matter ha−1) in 2008, and the estimated
stand age was 20 years (Fig. 4b). Accordingly, the
estimated average annual biomass growth rate would
be more than 12 Mg yr−1 across the 20-year period on
the basis of the stand age and biomass inventoried for
the plot. Considering that this is a tropical dry semi-
deciduous forest, with a long dry season of about
6 months from November to May, and where precipita-
tion is less than potential evapotranspiration (Bauer-
Gottwein et al. 2011), it is unlikely that this forest would
have such a sustained high growth rate over the period.

The other source of error is the size of the observation
plots, 50 and 200 m2 for woody plants ≤5 cm and trees
>5 cm in DBH, respectively. These plot sizes might be
too small to provide a representative mean for estimat-
ing the correct biomass, especially the plot size (50 m2)
used to estimate the biomass for the trees ≤5 cm inDBH,
because of high heterogeneity in their stem density,
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Fig. 4 a The total aboveground
wood biomass C (Mg ha−1)
observed vs. simulated for the 276
plots in the tropical dry forest at
Kaxil Kiuic in Yucatan Peninsula,
Mexico. b The simulated (TC-P)
and observed (TC-O) relationship
between stand age (years) and the
aboveground biomass (Mg
C ha−1) from the 276 plots in
Kaxil Kiuic forest

Table 2 Results from model performance evaluation

Variable Value Variable Value

Observed biomass (Mg C ha−1) 46.86 R2 0.83

Simulated biomass (Mg C ha−1) 46.92 E 0.79

Observed SD (Mg C ha−1) 27.43 PBIAS −0.14
Simulated SD (Mg C ha−1) 30.94 RRS 0.46

Slope 1.03 Intercept 1.33

SD standard deviation, R2 coefficient of determination, E model
performance efficiency, PBIAS percent bias, RRS ratio of RMSE to
SD (see Model Setup and Parameterization); slope and intercept
slope and intercept of the regression model between observations
and simulation, respectively
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ranging from 1,400 to 24,000 individuals per hectare.
The small trees were important contributors to the total
biomass for some plots.

Since all four model evaluation variables consistently
indicated that the model works well for this hilly forest
landscape, the model was used to assess C dynamics for
the forest at Kaxil Kiuic and similar forests in The
Yucatan peninsula.

3.2 Spatial Difference in Aboveground Biomass

Aboveground biomass C was simulated for the entire
region using polygons converted from 30-m resolution
maps. The simulated C stocks for 2012 are presented in
Fig. 5. There was considerable variability in forest bio-
mass C (i.e., urban and crop areas excluded), ranging
from 5.0 to 115.0 Mg C ha−1, with a mean of 56.6 Mg
C ha−1. The spatial difference in aboveground biomass
C is mainly related to differences in stand age
(Hernandez-Stefanoni et al. 2011; Dupuy et al. 2012),
which are primarily the result of recent land use chang-
es. When the results from the polygon-based simulation
were compared to simulations using the 276 plots, the
overall averages from the 276 plots (53.2 Mg ha−1 for
2012) and polygons (56.6 Mg C ha−1 in 2012) were
similar. However, there was a substantial difference in
aboveground biomass at some locations. For example,
at plot 106 the simulated polygonal aboveground bio-
mass was 113.7 Mg C ha−1, but the value using the plot
data was 143.2 Mg C ha−1 in 2008, and the observed
biomass was 149.0 Mg C ha−1 in 2008. The discrepancy

between the two simulationsmight be the result of errors
in estimated stand age and boundaries of simulation
units which may not exactly correspond with the sam-
pling area.

There are differences between the interpolated stand
age and the field data obtained by interviewing local
people. For example, the field-estimated stand age for
plot 106 was 40 years, compared to 30 years obtained
from the interpolated map. This was due to one nearest
neighbor plot being only 7 years old. Similarly, the
SPOT-derived vegetation characteristics and soil condi-
tion could be spatially incongruent with the plot mea-
surements because the polygon size, which ranged from
0.0576 to 746.7 ha, was much larger than the plot size,
0.02 ha. Since the regional averages simulated using
plots and polygons were similar and consistent, we
suggest that stand age interpolated from inventoried plot
data and combined with coarse vegetation and soil con-
ditions can be used to assess regional C stocks. Yet,
errors related to the resolution issues raised above may
result in under- or overestimation of C stocks at some
specific locations, which should be considered if the
outputs are used at small scales to inform landscape-
scale management plans.

3.3 Soil CO2 Flux

The spatial distribution of soil CO2 flux at Kaxil Kiuic
varied considerably as indicated by Fig. 6a which shows
the simulated flux for the 276 plots in 2012. The flux
ranged from 1.06 to 3.46 Mg C ha−1 year−1, with an
arithmetic mean of 2.37 Mg C ha−1 year−1 and median
of 2.31Mg C ha−1 year−1. The small difference between
the arithmetic mean and the median of soil CO2 flux
suggests that its spatial distribution was normal in this
landscape. The variability of soil CO2 flux is related to
spatial differences in soil and vegetation, especially
vegetation, because its distribution is heterogeneous in
space leading to spatial differences in heterotrophic
respiration, root respiration, and organic matter decom-
position associated with dead trees, root mass, and litter
produced by natural and anthropogenic factors.

Annual soil CO2 flux from plot 407 for the period
1970 to 2012 is an example in which the flux increased
linearly and significantly (P<0.01) at a rate of 22.2 kg C
ha−1 year−1 over the 43-year period from 1970 to 2012
(Fig. 6b). This increase may be associated with tree
growth accompanied by soil respiration, including root
respiration. Root mass increased from 4.23 Mg C ha−1

Fig. 5 Spatial distribution of estimated biomass (Mg C ha−1) for
2012 in Kaxil Kiuic forest with disturbances occurred between 1985
and 2010; the blank (white) spots are agricultural and urban areas
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in 1970 to 19.32MgC ha−1 in 2012 based on the ratio of
root mass to aboveground biomass (Schroth 1995; IPCC
2003). The annual increment in soil CO2 flux (22.2 kg
C ha−1 year−1) from this plot is similar to rates in a
subtropical pine-hardwood forest in South Carolina of
USA, about 27 kg C ha−1 year−1 in a 39-year period
from 1950 to 1988 as reported by Dai et al. (2013).

The annual soil CO2 flux increased with increasing
annual precipitation from 1970 to 2012 (R2=0.43, n=
43, P<0.01), indicating that soil CO2 flux is significant-
ly regulated by precipitation. The relationship between
annual precipitation and soil moisture is consistent with
previous findings (Raich and Schlesinger 1992;
Amacher and Mackowiak 2011). However, the relation-
ship in this dry semi-deciduous forest is opposite to
what has been observed in wet areas, especially in
locations near riparian zones, where the annual soil
CO2 flux may decrease with an increase in annual
precipitation due to a long soil saturation period and
low microbial decomposition (Dai et al. 2013).

3.4 N2O and CH4 Fluxes

The soil N2O flux from the forestland at Kaxil Kiuic
varied spatially from 0.26 to 1.77 kg N ha−1 in 2012,
with a mean of 0.75 kg N ha−1. Similar to soil CO2 flux,
the spatial distribution of the N2O flux was normal, as
indicated by the similarity between the median (0.72 kg
N ha−1) and the geometric mean flux. The spatial vari-
ability in N2O flux may be related to variability in soil
organic matter (SOM), especially litter that decomposes
fast under the tropical climate. The estimated mean N2O
flux can increase by about 0.15 kg N ha−1 year−1 with an
increase in leaf litter at a rate of 2,000 kg ha−1 year−1.
Annual N2O flux is also associated with annual precip-
itation due to rain events that are one of the factors
driving N2O emission from soils (Li et al. 1992). Thus,
the processes responsible for N2O flux are related to OM
decomposition which releases organic nitrogen and pre-
cipitation regulating the processes of nitrification and
denitrification in upland ecosystems (Li et al. 1992;

0

1

2

3

4

101 301 501 701 901 1101 1301 1501 1701 1901 2101 2301

S
o

il 
C

O
2

fl
u

x 
(k

g
 C

 h
a-

1 )

Plot ID

y = 0.0222x + 2.19
R² = 0.43

1.0

1.5

2.0

2.5

3.0

3.5

1970 1975 1980 1985 1990 1995 2000 2005 2010

S
o

il 
C

O
2

fl
u

x 
(M

g
 C

 h
a-

1
yr

- 1
)

Year

a

b

Fig. 6 a Soil CO2 flux from the
276 plots simulated for 2012. b
The simulated annual soil CO2

flux for the plot 407 in the period
from 1970 to 2012

Water Air Soil Pollut (2014) 225:1925 Page 9 of 15, 1925



Breuer et al. 2002; Barnard et al. 2006; Lu et al.
2012).

Variability in simulated CH4 uptake by soils in this
forestland was small, ranging from 5.97 to 9.21 kg
CH4–C ha−1 in 2012, with a mean of 6.84 kg CH4–
C ha−1. The methane uptake rate by soils in this forest is
higher than the rates in a temperate forest in New
Hampshire reported by Crill (1991) (4.3–4.6 kg
C ha−1 year−1), in German forests reported by Guckland
et al. (2009) (2.0–3.2 kg C ha−1 year−1), and in Swedish
forests found by Klemedtsson and Klemedsson (1997)
(0.6–1.6 kg C ha−1 year−1). However, our rate was
similar to or slightly lower than the average methane
uptake rate within the 26° N–44° N latitude range in
Japan (8.18 kg C ha−1 year−1) (Ishizuka et al. 2009),
within the range in Harvard Forest in Massachusetts
found by Steudler et al. (1989) (0–11.57 kg
C ha−1 year−1), and lower than the rate in a subtropical
forest in South Carolina observed by Renaud (2008)
(6.94–26.65 kg C ha−1 year−1). Two potential reasons
for discrepancies may be the relatively large uncer-
tainties in the estimates of CH4 uptake and differences
in local physiochemical soil properties, because meth-
ane uptake by soils is regulated by soil texture, micro-
organisms, and moisture.

3.5 Spatial Differences in Net Primary Production
and Net Ecosystem Production

The simulated net primary production (NPP, consisting
of overstory, understory, and ground-growth) using
polygons for the forest at Kaxil Kiuic varied little,
ranging from 460 to 590 g m−2 year−1 in 2012
(Fig. 7a). The NPP from the 276 plots simulated for
the same year had a greater range from 250 to
800 g m−2 year−1, but the means of both the plot and
polygon simulations were about 510 g m−2 year−1.

Net ecosystem production (NEP) is an important
parameter to assess C sequestration in forest ecosys-
tems. The NEP is defined here as the difference
between the net ecosystem exchange (NEE) and
the loss of dissolved organic C (DOC) to leachate.
The estimated NEP from the simulation using poly-
gons showed that the spatial variation in NEP
(range, 219 g m−2 year−1) was slightly larger than
NPP (range, 133 g m−2 year−1) (Fig. 7b). The slight-
ly larger range in NEP may result from variation in
soil and vegetation, leading to differences in

autotrophic and heterotrophic respiration and DOC
losses to leachate (<3.1 g C m−2 year−1 on average).

3.6 Temporal Carbon Dynamics

The validated model was used to assess long-term C
dynamics in the Kaxil Kiuic forest for a 150-year period
using the 43-year (1970–2012) climate data repeated for
the entire modeling period. We assumed that (1) the soil
and vegetation types were the same as those currently
sampled; (2) woody plants were regenerated in the first
year of this 150-year period; (3) the climate over the
whole 150-year period followed the observed pattern in
the 43-year period. Three variables, annual NPP, NEP,
and NEE, were estimated based on the simulation. An-
nual NEE reached the peak value several years after the
tree generation, followed by a long-term decline

Fig. 7 a Spatial net primary production in 2012; the blank (white)
spots are agricultural and urban areas. b Spatial net ecosystem
production (NEP) in 2012 in Kaxil Kiuic forest; the blank (white)
spots are agricultural and urban areas
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(Fig. 8a). This trend in the NEE is similar to the trend in
the NPP, but the decline of the NEE is steeper. This steep
NEE decline may be due to an increase in respiration,
including root respiration and SOM decomposition,
since there is no decrease in the GPP in the simulation
period (Fig. 8b). The temporal change in the NEE is
nonlinear. The fitted equation can be expressed as

NEEAge ¼ K0 � Ageþ ∑ j¼1
m K j � In Ageð Þ½ � j ð5Þ

where K0 and Kj are coefficients; Age is stand age;
m=4. NEE is significantly correlated to stand age
(F=117,523.0, P<0.001, and sample number n=150).
In contrast to NEE, annual NEP gets slightly smaller as
stand age increases. The mean difference in the 150-year
period was about 4.22 g m−2 year−1. The relationship
between stand age and NEP is similar to that between
NEE and stand age (Eq. 5), but with different coeffi-
cients. This small discrepancy between NEP and NEE is

presumably due to leaching and occasional surface flow
that erodes away C from forest floor and soils.

The relationship between NPP and stand age is pre-
sented in Fig. 8b. After reaching peak NPP, there was a
slow decrease with stand age, indicating an increase of
plant respiration as the stand grew older. The relation-
ship between NPP and stand age based on the simulated
results is

NPPAge ¼ K0 � Ageþ ∑ j¼1
m K j � In Ageð Þ½ � j ð6Þ

where K0 and Kj are coefficients; Age is stand age;
m=5. NPP is significantly correlated with stand age
(F=734,985.2, P<0.0001, and n=150).

The relationship between NPP and stand age was
similar to that reported for a deciduous broad-leaved
community and a mixed forest by He et al. (2012).
However, the NPP calculated using the equation sug-
gested by Chen et al. (2003) with specific coefficients
for this forest is lower compared with that calculated
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using Eq. 6 (DNDC) for the period before the stand
matures (Fig. 8b). One reason for the disagreement
may be that our modeled NPP included contributions
from all plants, sedges, understory, and overstory. How-
ever, we did not remove those contributions from a non-
dominant canopy (or vegetation layers) because non-
dominant plants are a part of the entire ecosystem.
Moreover, this error becomes small as the forest matures
because sedges are small or almost absent, and the
understory vegetation can be substantially lower under
complete canopy closure.

3.7 Impact of Disturbances on Carbon Stocks

The impact of disturbances on C stocks was investigated
by comparing simulations that included and excluded
mapped disturbances (see details in Methods and Data).
The total disturbed area between 1985 and 2010 was
5,785.5 ha, about 17.5 % of the land. However, the
forest area only decreased by 1,227.74 ha, where
21.2 % of the total disturbed area was due to deforesta-
tion from agriculture and urbanization development.
Accordingly, we estimate that there were about
4,557.7 ha of the land disturbed by forest product har-
vest and cropland abandonment followed by
regenerating forest.

Difference comparison between modeled biomass C
with disturbances (1,667.6 Gg C, Fig. 5) and without
disturbances (1,822.3 Gg C, Fig. 9) revealed an estimat-
ed loss of total biomass C storage of 154.7 Gg C. The
mean biomass C storage in the stands would be reduced

from 59.9 Mg C ha−1 without disturbances to 56.6 Mg
C ha−1 with disturbances in 2012. The loss of biomass C
storage due to conversion of forest to agriculture and
urban land use was about 73 Gg C, excluding C loss in
dead roots, which was estimated to be 20 Gg C. Ac-
cordingly, the estimated total C loss to agriculture and
urbanization is about 100 Gg C due only to a loss of
about 12 km2 of the forestland to agriculture and urban-
ization within this forest in the period from 1985 to
2010, indicating that land use conversion from forest
to non-forest can substantially influence C stocks.

4 Conclusions

Results from the model evaluation using four quantita-
tive methods and biomass measurements indicate that
Forest-DNDC can be used to assess C dynamics for the
tropical dry forest at Kaxil Kiuic in the Yucatan Penin-
sula, Mexico, with a high model performance efficiency
(E=0.79, R2=0.83). The small difference in biomass C
stored in the stands between the observation and simu-
lation may be related to inconsistencies between the
stand age estimated by interviewing the land users and
by using kriging interpolation based on the field data.
There are some differences between simulated C stocks
using polygonal simulation units and plot measurements
due to resolution issues between the plot and polygon
sizes. However, this effect does not seem to influence
the regional average.

Spatial variability in simulated C stocks reflects var-
iations in stand age, vegetation type, soil characteristics,
and disturbance. The disturbances that occurred be-
tween 1985 and 2010 led to a mean decrease in C stocks
of 3.2 Mg C ha−1 in 2012, and a total decrease of about
70 Gg C over 12 km2 of forestland loss to crops and
urban areas. The simulation for long-term C dynamics
shows that mean annual NPP, NEE, and NEP change
nonlinearly with stand age.

The spatial distributions of soil-borne trace gases,
soil CO2, CH4, and N2O, are normal, although spatially
explicitly modeled results vary largely. Soil CO2 flux
increases linearly with an increase in precipitation and
stand age, while N2O flux was only associated with
precipitation. CH4 is different from soil CO2 and N2O,
and uncorrelated with precipitation and stand age.

The results from this study indicate that the spatially
explicit process model Forest-DNDC is applicable for
modeling C dynamics in the secondary tropical dry

Fig. 9 Simulated spatial biomass carbon distribution for 2012
without disturbances occurred since 1985 in Kaxil Kiuic forest;
the blank (white) spots are agricultural and urban areas
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forests with hilly topographic landscape, high species
diversity and heterogeneity in disturbances using high
resolution inputs. This model can, therefore, be used to
provide baseline estimates of C stocks and dynamics to
assess or project future human disturbances (e.g., land
use changes and forest product harvesting), and evaluate
their impact on C dynamics and GHG emissions, and
would, therefore, be very useful for the implementation
of REDD + initiatives.
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