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Abstract: Soil respiration (RS) is an important component of the C cycle because it contributes
significant CO2 emissions to the atmosphere that result from metabolism and respiration of its
autotrophic and heterotrophic components. However, the relative importance of different biophysical
controls that drive the variability of this flux and their influence along forest succession pathways
is still unknown. We incorporate multiyear RS, ecosystem flux and meteorological measurements
in old-growth (OG), mid-secondary (MS) and early-secondary (ES) tropical dry forests (TDFs) with
the goal of assessing the temporal variation of RS and identifying the biophysical controls at each
site by applying structural equation models (SEM). Along forest succession, RS followed the pattern
of precipitation events; we identified by the end of the wet season that RS was sustained by a
longer period at OG, while in MS and ES, RS decreased according to the soil moisture availability.
According to SEM, soil moisture and soil temperature exert an effect on the variability of RS in all
sites. However, we found that RS was also controlled by the vapor pressure deficit at MS and gross
primary production at OG and ES. Our results suggest that seasonality has a different impact on
RS along forest succession in TDFs found in northwestern Mexico and highlights the relevance of
considering additional biophysical controls of RS for a better understanding this critical process of
the C cycle.

Keywords: biogeosciences; soil CO2 efflux; seasonally dry ecosystems; structural equation models

1. Introduction

Soil respiration comprises the CO2 efflux resulting from metabolism and respiration
of plants (i.e., roots and mycorrhizae), soil fauna and microorganisms (i.e., decomposers)
that determine biogeochemical processes within the soil [1,2] and it is accompanied by non-
biological CO2 sources, namely carbonate mineral weathering [3], CO2 dissolution and gas
diffusion [4]. This flux has received wide attention for its tight relationship with ecosystem
productivity, soil fertility and the carbon (C) balance in terrestrial ecosystems [5,6]. RS is the
second-largest flux in magnitude after photosynthesis as a global C cycle component [7,8]
and represents the major component of ecosystem respiration (Reco) [9] ranging from 30%
to 80% of the total Reco in forests and seasonally dry ecosystems at annual scales [10,11].
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The understanding of the intra-annual and interannual variability of RS and the
mechanisms underlying this important process are still poorly explored in water-limited
ecosystems [12,13], because seasonality plays a critical role in determining the temporal
patterns and the interactions between biotic and abiotic drivers [14,15]. Furthermore, spatial
heterogeneity of soils and vegetation in drylands is a defining feature that also influences
ecosystem C fluxes such as RS [16,17].

Generally, at different temporal scales, RS rates are affected by environmental factors
such as soil temperature and soil moisture, which are usually considered as the two main
controlling factors [18]. However, soil physicochemical properties, substrate supply, soil
enzymatic activity and soil microbial community also participate in this process [19–21].
Furthermore, the crucial role of plant phenology, plant functional types and gross primary
production (GPP) in the temporal variability of RS has been recognized [22–26]. For
instance, partitioning RS into its autotrophic and heterotrophic components to inquire about
their contribution is still limited due to methodological challenges, leading to significant
uncertainties in estimating the global C budgets [27,28], although some studies have been
able to estimate the autotrophic contribution of RS, which can represent a significant fraction
of the total annual RS in ecosystems [29]. Despite that in seasonally dry ecosystems soil
moisture (SWC) exerts an overriding influence on ecosystem processes [30,31], there is still
debate about the direct and indirect effects of SWC and the relative importance of different
environmental (atmospheric moisture, air temperature, solar radiation, evapotranspiration)
and biological drivers (GPP) on RS [32–34].

Globally, tropical dry forests (TDF) are considered an important hot spot of biodiver-
sity, endemism and a fundamental source of goods and ecosystem services, implying high
productivity and C storage rates [35,36]. The most notable feature of this forest is the sea-
sonality caused by the variability of precipitation that leads to well-defined dry periods of
low biological activity [37] and active periods with very dynamic eco-physiological activity
from the vegetation [38] and soil organisms [39]. Therefore, TDFs support a variety of
water-limited tolerant deciduous trees and shrubs with specific adaptive traits such as leaf
drop and regrowth, along with thorny and succulent species and a few evergreen species
holding their leaves and maintaining ecophysiologically active during dry periods [40–42].

Similarly, soils from these systems are influenced by seasonal drying–rewetting transi-
tional events that strongly regulate the dynamic of soil biogeochemical processes [43]. For
example, high rates of litterfall occur during the dry season, resulting in a forest floor with
slow decomposition rates and a low CO2 release [44,45]. At the onset of the wet season,
litterfall promotes the rapid decomposition and mineralization of forest floor from the
previous growing seasons [46], and in conjunction with microbial activity and nutrient
transformations triggers a “Birch effect”, where a large pulse of CO2 is released upon soil
rewetting [47,48].

TDFs are also one of the most threatened ecosystems due to land-use and land-cover
changes due to anthropogenic activities, such as agriculture and grazing. These landscape
transformations result in an important loss of vegetation cover [49,50], creating a mosaic
of different stages of forest succession spanning from abandoned lands to secondary and
old-growth forests [51]. Forest succession from TDFs in northwestern Mexico is triggered by
land abandonments, followed by forest recovery, where seedling recruitment, resprouting
and dominance of shallow-rooted fast-growing pioneer species occur, and then transition
to the recruitment of primary forest species until the representative vegetation from TDF
is settled and matures, including well-defined understories [52]. This forest succession
path in conjunction with the precipitation variability and the effect of extreme climatic
events has led to contrasting effects on ecosystem structure, species composition and soil
properties [53–55]. Nonetheless, the effects of successional changes in carbon, water and
energy fluxes have been less attended [56].

Despite the key contribution of RS to ecosystem C balance, there is still a lack of
mechanistic information on the seasonal and interannual variability of RS from TDF soils,
and on the relative importance of different biophysical controls and the variation of their
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influence across forest succession. In this study, we incorporate the analysis of monthly
RS measurements and accompanying ecosystem flux and meteorological observations
along a forest succession in a tropical dry forest in northwestern Mexico between 2015 and
2019, with the main goals of determining the temporal variations of RS and identifying
the key biophysical controls of this flux in a TDF in northwestern Mexico. Based on this
framework, we postulate the following three main hypotheses: (1) the magnitude of RS
along successional sites will have significant differences at annual scales, and the variation
would be strongly influenced by seasonality; (2) the relative importance of biophysical
controls on RS such as solar radiation, air temperature, vapor pressure deficit, soil moisture
and soil temperature will be different across TDF succession sites; and (3) since GPP
represents the autotrophic activity of the system, it should be an important proxy for root
respiration. Therefore, a different effect on RS will be expected across succession as the
variations of GPP may be influenced by the metabolic activity of fast-growing pioneer
species with shallow roots or mature vegetation with well-defined understories.

2. Materials and Methods
2.1. Site Description

The study site is located in the Area de Protección de Flora y Fauna Sierra de Álamos–
Río Cuchujaqui (SARC) in northwestern Mexico. The SARC is registered to the Man
and Biosphere Program Biosphere Reserve from UNESCO and to Comisión Nacional
de Áreas Protegidas [57]. This study focuses on the Monte Mojino Natural Reserve, a
private protected area owned and managed by Nature and Culture International which
lies within SARC. The study sites belong to the MexFlux network, which is a system of
ecohydrological monitoring sites equipped with Eddy Covariance technique at terrestrial,
marine and coastal ecosystems in Mexico [58].

The climate in the area is classified as warm and semiarid with summer rains [59],
a mean annual air temperature of 24 ◦C, and mean annual precipitation of 729 mm yr−1;
more than 80% of the annual precipitation is recorded during the wet season due to the
influence of the North American Monsoon System, with just a few rainfall events during
winter [60,61]. For this study, we use a seasonal scale framework of two periods: (i) a dry
season from November to May and (ii) a wet season from June to October, which includes
the months of maximum growth rate and biological activity.

Forest Succession Sites

Our study sites are located in the northernmost limit of the TDF in America [46].
Three sites were strategically selected according to the conceptual TDF chronosequence
from Álvarez-Yépiz et al. [57]. Following the criteria from [57] and advice from local
inhabitants and forest ranges, the successional stages of the three sites were selected by the
relative importance of the pioneering species vs. species representative of mature stages
and the time since abandonment after clearcut. Currently, all sites are free from large-scale
management practices and free of ranching activities.

The first site is an early-secondary forest (ES; 26.99◦ N, −108.78◦ W) that has a notable
dominance of Acacia cochliacantha, considered a fast-growing legume and pioneer species.
This site was previously used for local agriculture after being abandoned from management
practice activities and now has a recovery period of ~10 years. The soil organic matter
content is 2.8 ± 0.001% and the litterfall production is 3.66 Mg ha−1 year−1 [62,63]. The
canopy openness (%) of this site is 0.27 ± 0.11 with a mean leaf area index (LAI) of
1.51 ± 1.69. On the other hand, we selected a mid-secondary forest (MS; 27.00◦ N, −108.77◦

W) that has been in recovery for over ~40 years after the last clearing. The main feature
of this forest is the recruitment of primary forest species and a lesser dominance of Acacia
cochliacantha [52]. For this site, litterfall production is estimated at 2.70 Mg ha−1 year−1 [62]
and a soil organic matter content of 4.2 ± 0.1% [63]. This site presents a canopy openness
of 0.32 ± 0.11% and a mean LAI of 1.44 ± 1.53.
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Finally, the old-growth forest (OG; 26.99◦ N, −108.78◦ W) is characterized by a high
biomass content and shows a greater floristic composition with a multispecies assemblage
of representative vegetation from TDF such as Lysiloma divaricatum, Lysiloma watsonii, Croton
lindquistii, Ceiba acuminata, Tabebuia impetiginosa, and Bursera spp. and a well-developed
understory [52,57]. This forest has never been cleared, according to local residents and
landowners. Litterfall production in this site is estimated at 4.32 Mg ha−1 year−1 [64] with
a soil organic matter content of 5.5 ± 0.2% [63], a canopy openness of 0.25 ± 0.11% and
a mean LAI of 1.55 ± 1.71. According to the total relative importance values, the most
representative species at each site were: L. divaricatum and Croton lindquistii account for
30% at OG, while L. divaricatum with C. flavescens were 27% at MS, and A. cochliacantha
represented 20% at ES [65].

2.2. Soil Respiration Measurements

Systematic monthly measurements of soil respiration (RS) were conducted from March
2015 to December 2017 in the OG, MS and ES sites; and from March to December 2019 only
in the OG and MS locations. The experimental design for RS measurements at each site
consisted of a starting central point, where four permanent 60 m transects were distributed
in direction of each cardinal point (N, S, E, W). Within each transect, sixteen PVC soil collars
(10 cm diameter and 8 cm in height) were installed with a 20 m distance among them. Due
to site access conditions to sampling points over different years, between eight and twelve
soil collars were measured at each site during each sampling campaign. All measurements
were performed within a time span of three hours between 9 a.m. and 12 p.m. to avoid
drastic temperature changes and potentially being representative of daily means [66,67].

RS measurements were carried out with a soil portable infrared gas analyzer (LI-8100,
LI-COR Biosciences, Lincoln, Nebraska, USA) coupled to a 10 cm survey chamber (model:
8100-102, LI-COR Biosciences, Lincoln, NE, USA). Measurement cycles started by measur-
ing the depth of each soil collar from the soil surface to the top, in order to adjust the total
volume of the system that is required for flux calculations. Changes in soil CO2 concentra-
tion were measured and recorded for 180 s; in each soil collar a 20 s prepurge prior to each
measurement with the soil chamber open and a 20 s postpurge after each measurement
was completed in order to remove possible remaining gas inside the soil chamber and the
system [68,69]. Finally, RS rates were derived by fitting a linear equation in SoilFluxPro®

(version 4.0.1, LI-COR Biosciences, Lincoln, NE, USA); the first 30 s recorded of the dataset
were discarded to allow stabilization conditions inside the chamber in the field.

In addition, soil temperature was measured with a 15 cm-long thermocouple ther-
mometer inserted in a 45-degree angle (Barnant Co., Barrington, IL, USA.) and 12 cm-long
soil moisture probe (Theta Probe ML2x, Delta Services, Cambridge, UK) was used for
soil volumetric water content; these measurements were conducted simultaneously in an
adjacent area to the soil collars. Carbon (%C) and nitrogen (%N) concentrations in soil were
determined from eight composite samples per site. Samples were weighted (3.5 mg) and
loaded in tin pressed capsules (5 × 9 mm) and the C and N contents were obtained by flash
combustion in an elemental analyzer (Flash 2000; Thermo Fisher Scientific, Walthman, MA,
USA). Soil texture and pH were estimated with the Bouyoucos method and a pH meter (1:2
H2O), respectively. Soil physicochemical variables for each site are presented in Table 1.

Table 1. Soil physicochemical variables along forest succession from tropical dry forest in northwest-
ern Mexico. Data are presented as mean ± standard error.

Site
Soil Texture

Bulk Density
(g cm−3) pH %C %N C:NSand Silt Clay

(%)
OG 41 33 26 1.70 ± 0.14 6.70 ± 0.07 2.34 ± 0.20 0.19 ± 0.01 12.68 ± 1.01
MS 46 31 21 1.80 ± 0.13 7.23 ± 0.06 1.94 ± 0.41 0.11 ± 0.00 18.53 ± 0.28
ES 55 25 19 1.91 ± 0.12 6.78 ± 0.10 2.48 ± 0.35 0.20 ± 0.02 12.15 ± 0.64

OG = old-growth, MS = mid-secondary, ES = early-secondary forests.
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2.3. Ecosystem Flux and Meteorological Measurements

Net ecosystem CO2 exchange (NEE) and water (ET) flux measurements in the study
sites were estimated with the eddy covariance technique (EC). In brief, the EC system in
the ES site was coupled with a three-dimensional sonic anemometer (WindmasterPro, Gill
Instruments, Lymington, UK) and an infrared gas analyzer (LI-7500A, LI-COR Biosciences,
Lincoln, NE, USA). Data were collected at 10 Hz through an analyzer interface unit (LI-7550,
LI-COR Biosciences, Lincoln, NE, USA). On the other hand, meteorological variables
measured were relative humidity (RH), air temperature (Tair) (HMP45AC, Vaisala Inc.,
Helsinki, Finland) and net radiation (Q*; CNR1-L, Kipp and Zonen, Delft, The Netherlands),
and precipitation was measured with a tipping bucket rain gauge (TE525-L, Texas Electronic,
Dallas, TX, USA).

The flux measurements in the MS site were performed using a three-dimensional
anemometer (CSAT3, Campbell Scientific, Logan, UT, USA) and an open-path gas ana-
lyzer (EC150, Campbell Scientific, Logan, UT, USA). Additionally, meteorological variables
included a temperature–humidity probe sensor for relative humidity (RH) and air tempera-
ture (Tair) (CS215-L, Campbell Scientific, Logan, UT, USA), and net radiation was estimated
with a four-component radiometer (Q*; CNR4-L, Campbell Scientific Inc., Logan, UT, USA).
Precipitation was measured with a tipping bucket rain gauge (TE522MM, Texas Electronic,
Dallas, TX, USA).

Finally, the EC system for the OG site consisted of a three-dimensional sonic anemome-
ter (Windmaster, Gill Instruments, Lymington, UK) and an infrared gas analyzer (LI-7500A,
LI-COR Biosciences, Lincoln, NE, USA). These measurements were made at 10 Hz, storing
the data through an analyzer interface unit (LI-7550, LI-COR Biosciences, Lincoln, NE,
USA). Ancillary, meteorological variables were collected in parallel. These included a
temperature–humidity probe sensor for relative humidity (RH) and air temperature (Tair)
(HMP45C-L, Vaisala Inc., Helsinki, Finland) and a four-component radiometer to estimate
net radiation (Q*; CNR4-L, Kipp and Zonen, Delft, The Netherlands), and precipitation was
measured with a tipping bucket rain gauge (TE525-L, Texas Electronic, Dallas, TX, USA).

At each site, soil volumetric water content was measured with water content reflec-
tometers (CS616, Campbell Scientific Inc., Logan, UT, USA), and soil temperature was
estimated with a thermocouple probe (TCAV-L, Campbell Scientific Inc., Logan, UT, USA).
All meteorological data in the sites were collected and stored in a data logger and averaged
to 30 min intervals, except for precipitation, which was accumulated. A further and detailed
description of the main layout for EC instrumentation and measurements can be found in
Rojas-Robles et al. [70].

Corrections and quality controls of EC data were carried out through a filtering of the
friction speed coefficient (u*) for the periods of low turbulence and instrument failure; the
data that did not meet these criteria were discarded. Missing data were filled, and then
NEE was partitioned into its components of GPP and Reco using the REddyProc based
on the procedures described by Reichstein et al. [71] and Wutzler et al. [72]. Additional
information about the data quality control, flux partitioning and gap-filling is reported in
Rojas-Robles et al. [70].

2.4. Statistical Analyses

For all data analyzed, a Kolmogorov–Smirnov test with Lilliefors correction was used
to assess normality. Then, we explored the annual and seasonal dynamics of RS, TS, SWC
and PPT. Monthly means of RS, TS and SWC were calculated from the replicated sampling
points available in the transects at each site and a Kruskal–Wallis test following by a Dunn
multiple comparison post hoc test (p < 0.05) was used to determine the differences of RS
across study sites between dry and wet seasons. Additionally, annual C emission estimates
were calculated for each soil collar using a time course fitting and area under the curve
integration function (SigmaPlot v.12, Systat Software, Inc., Chicago, IL, USA) [73]. Finally,
for ecosystem flux and meteorological variables, Spearman pairwise correlations were
used to identify the relationships among all the variables and a Kruskal–Wallis test with
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Dunn multiple comparison post hoc test (p < 0.05) was used to determine the differences
among sites.

Structural equation modeling (SEM) is a multivariate statistical tool that allows testing
causal or correlative relationships among different variables. The general SEM model
considered a full set of hypotheses based on literature, precedent exploratory analyses
and our own experience [11,70]. Briefly, we hypothesize that the global (K) and net (Q*)
radiation would control the evapotranspiration (ET, negatively), vapor pressure deficit
(VPD, positively), and air temperature (Tair, positively) regardless of the successional
stage [74]. In turn, the VPD and ET would be correlated to gross primary production (GPP,
negatively and positively, respectively) at all sites [75]. GPP would be controlled by either K
or Q*, depending on the successional stage [76]. A higher ET reduces the residence time of
soil moisture, therefore negatively affecting the soil water content (SWC) [77] and a cooling
effect that constrains RS [78,79]. In consequence, SWC together with soil temperature (TS)
would be the most important controlling of RS [18]. The variation of GPP across forest
succession would be reflected on RS, since GPP represents the autotrophic activity of the
ecosystem [27]. The general model was applied to each successional stage (i.e., old growth,
mid-secondary or early-secondary).

The SEM model was tested for the combined years of RS and half-hour ecosystem
flux and meteorological observations, which match with the dates and hours when RS
measurements were carried out during the sampling campaigns (Table 2). Prior to the SEM
analysis, the variables of interest from the dataset of each site were log transformed.

Table 2. Input of soil respiration, ecosystem flux and meteorological variables for structural equation
models along a forest succession from tropical dry forest in northwestern Mexico.

Variable Description Units Source 1

K Global radiation Wm−2 Met
Q* Net radiation Wm−2 Met
Tair Air temperature ◦C Met

VPD Vapor pressure deficit hPa Met
ET Evapotranspiration mm EC

GPP Gross primary production µmol CO2 m−2 s−1 EC
SWCsite

2,6 Volumetric water content in site m3 m−3 Met
TSsite

4,6 Soil temperature in site ◦C Met
TSplot

5,7 Soil temperature by soil collar ◦C Ch
SWCplot

3,7 Volumetric water content by soil collar m3 m−3 Ch
RS Soil respiration µmol CO2 m−2 s−1 Ch

1 Data were obtained from the following measurements: Met = meteorology, EC = eddy covariance, Ch = variables
obtained with soil portable infrared gas analyzer during RS sampling campaigns. 2 SWCsite was measured with
a water content reflectometer (CS616, Campbell Scientific Inc., Logan, UT, USA. 3 SWCplot was measured a
with a soil moisture sensor (Theta Probe ML2x, Delta Services Cambridge, UK). 4 TSsite was estimated with a
thermocouple probe (TCAV-L, Campbell Scientific Inc., Logan, UT, USA. 5 TSplot was obtained with a 10 cm
thermocouple thermometer (Barnant Co., Barrington, IL, USA). 6 SWCsite and TSsite instruments were mounted
in the EC tower. 7 SWCplot and TSplot measurements were conducted simultaneously in an adjacent area to the
soil collars.

Several models were run, and the best-fitted were selected according to the goodness
of fit [80]; this procedure was performed to the dataset that integrates all three study sites
(general model) and was also performed individually for each study site (i.e., OG, MS and
ES). In all cases, to ensure a good model fitting, goodness of fit was assessed according to
Grace [81] through the following parameters: (1) a Chi-square (χ2) test—this parameter
must be nonsignificant χ2 (p > 0.05; df = 1); (2) a root-mean-square error of approximation
statistic (RMSEA), whose values must be <0.10; and (3) a goodness-of-fit index (GFI) and
the Bentler and Bonett’s normed-fit index (NFI), where both estimates must be >0.9. The
standardized path regression weights (SRW) were obtained with the maximum likelihood
estimation method [82].
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All SEM analyses were performed in the software IBM® SPSS® Amos™ (version 20.0,
IBM Corporation, Armonk, NY, USA), while the remaining statistical tests were performed
in Statistica (version 7, Stat Soft Inc., Tulsa, OK, USA).

3. Results
3.1. Interannual and Seasonal Time Series
3.1.1. Precipitation

The mean historical annual precipitation for study sites is 724 mm year−1 [61]. Overall,
rainfall recorded for study sites denote that 2015 was above average with 805 mm year−1

and 2017 was below average with 585 mm year−1, while 2016 and 2019 were near average
with 739 mm year−1 and 706 mm year−1, respectively.

3.1.2. Soil Volumetric Water Content and Soil Temperature

At all sites, SWCplot increased at the beginning of the wet season (Figure 1b); the ES
presented the highest values along the study period, with a maximum of 0.36 m3 m−3

and a minimum of 0.02 m3 m−3 during the wet and dry seasons, respectively. The MS
site presented a maximum value of 0.33 m3 m−3 in the wet season and a minimum of
0.003 m3 m−3 during the dry season. Finally, the OG had the lowest volumetric water
content values during the wet season with a maximum value of 0.35 m3 m−3; however, it
presented the lowest values during the dry season with a minimum of 0.05 m m−3. On the
other hand, the mean TSplot in the dry months was similar in all sites (~26 ◦C), and in the
wet months, the ES site had the highest temperature, ranging from 31.0 to 34.0 ◦C, followed
by the MS site from 28.6 to 35.2 ◦C, and from 27.7 to 31.2 ◦C in the OG site (Figure 1a).

3.1.3. Soil Respiration

The temporal variations of RS in all three sites are displayed in Figure 1c, which depicts
a strong seasonality during the study period across all sites. RS showed a relationship
with precipitation patterns (Figure 1d), although the seasonal responses and magnitudes
at sites were different (Table 3). RS magnitudes during the dry season were similar across
sites with minor responses to precipitation events during the winter and early wet sea-
son. During the wet season, RS varied from 0.06 to 6.25 µmol CO2 m−2 s−1 in the OG
site, while for MS and ES sites it ranged from 0.05 to 4.25 µmol CO2 m−2 s−1 and from
0.10 to 4.25 µmol CO2 m−2 s−1, respectively. As expected for seasonally dry forests, the
peak of RS occurred in the wet season (June–October). During this period, RS rates in the
OG site were consistently higher than in the MS and ES sites, reaching a mean annual
rate of 5.20 ± 0.25 µmol CO2 m−2 s−1, while for the MS and ES sites the mean annual rates
were 4.52 ± 0.26 µmol CO2 m−2 s−1 and 4.56 ± 0.32 µmol CO2 m−2 s−1, respectively
(Table 3). In 2015, the RS peak for the OG sites was in October, whereas for the MS and ES
sites it was in August; in 2016 and 2017 all sites presented their peaks in August and July,
respectively. By the end of the wet season (October) of 2015 and 2016, RS rates in the OG
site were sustained for a longer period, while those in the MS and ES sites decreased soon
after the moisture availability in the system halted (Figure 1c).

Annual C emission estimates throughout the study period in all the sites are displayed
in Table 4. The mean annual budget for the entire observation years were 868.80 ± 70.95 g C m−2

in the OG, followed by 731.96 ± 30.40 g C m−2 for the ES site and 718.66 ± 48.54 g C m−2

in the MS site. Meanwhile, the main contribution of the seasonal C emissions to annual
budgets was in the wet season, which ranged from 54% to 67% in the OG site, while for the
MS site it was from 57% to 72%, and from 54% to 70% in the ES site.
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Figure 1. Interannual and seasonal variation of soil temperature (TSplot; (a)), volumetric content wa-
ter (SWCplot; (b)), precipitation (PPT; (c)) and soil respiration (RS; (d)) from 2015 to 2019 in an old-
growth (OG), mid-secondary (MS) and early-secondary (ES) tropical dry forest in northwestern 
Mexico. The ES site was not sampled during 2019. Each point at the plots is the mean ± standard 
error for TSplot, SWCplot and RS, while PPT bars are monthly sums. The shaded areas show the wet 
season in the tropical dry forest. 

Figure 1. Interannual and seasonal variation of soil temperature (TSplot; (a)), volumetric content
water (SWCplot; (b)), precipitation (PPT; (c)) and soil respiration (RS; (d)) from 2015 to 2019 in an
old-growth (OG), mid-secondary (MS) and early-secondary (ES) tropical dry forest in northwestern
Mexico. The ES site was not sampled during 2019. Each point at the plots is the mean ± standard
error for TSplot, SWCplot and RS, while PPT bars are monthly sums. The shaded areas show the wet
season in the tropical dry forest.
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Table 3. Mean annual and seasonal rates of soil respiration (RS) along a forest succession from tropical
dry forest in northwestern Mexico. Data are presented as mean ± standard error. Capital letters
denote significant differences among sites (p < 0.05).

Site Annual Dry Season
(µmol CO2 m−2 s−1) Wet Season

OG 3.22 ± 0.16 A 1.40 ± 0.08 A 5.20 ± 0.25 A

MS 2.73 ± 0.17 A 1.11 ± 0.07 B 4.52 ± 0.26 A,B

ES 2.68 ± 0.17 A 1.36 ± 0.08 A 4.56 ± 0.32 B

OG = old-growth, MS = mid-secondary, ES = early-secondary forests.

Table 4. Annual C emission from RS along a forest succession in tropical dry forest in northwestern
Mexico. Data are presented as mean ± standard error. Capital letters denote significant differences
among sites (p < 0.05).

Site RS
(g C m−2)

2015 2016 2017 2019
OG 785.70 ± 21.66 A 1005.89 ± 69.09 A 712.87 ± 31.41 A 970.76 ± 62.65 A

MS 618.16 ± 40.47 B 753.77 ± 58.31 B 665.32 ± 26.22 A 837.38 ± 80.08 A

ES 728.35 ± 48.11 B 786.33 ± 34.71 B 681.19 ± 17.11 A -
OG = old-growth, MS = mid-secondary, ES = early-secondary forests. Early-secondary site was not sampled
during 2019.

3.2. Controlling Factors of RS
3.2.1. Ecosystem Flux and Meteorological Variations

Ecosystem flux and meteorological means during the study period showed significant
differences among the three sites (p < 0.05, Table 5). For example, K, VPD and ET showed
significant difference among sites with the greatest values in the ES site (p < 0.05). VPD
showed a decreasing pattern from the ES to MS site, followed by OG, while ET and K
presented a gradient from the ES to the OG site, followed by MS. Conversely, GPP and Tair
at the MS and ES sites were lower than OG (p < 0.05), whereas Q* showed higher values
at MS followed by OG and ES. Moreover, TS and SWC showed significant differences
along the forest succession sites (p < 0.05); both variables showed a decreasing pattern from
ES > MS > OG. The SWC recorded at ES was significantly higher than at MS and OG. TS
was significantly lower at OG, and no significant differences were shown between ES and
MS (p < 0.05).

Table 5. Annual means of global radiation (K), net radiation (Q*), air temperature (Tair), vapor
deficit pressure (VPD), evapotranspiration (ET), gross primary production (GPP), soil volumetric
water content (SWC) and soil temperature (TS) along a forest succession from tropical dry forest in
northwestern Mexico. Data are presented as mean ± standard error. Capital letters denote significant
differences among sites (p < 0.05).

Site K
(W m−2)

Q*
(W m−2)

Tair
(◦C)

VPD
(hPa)

ET
(mm)

GPP
(µmol CO2 m−2 s−1)

SWC
(m3 m−3)

TS
(◦C)

OG 673.27 ± 15.61 A 456.40 ± 11.77 A 30.01 ± 0.21 B 26.77 ± 0.60 B 4.14 ± 0.19 A 13.48 ± 0.64 A 0.20 ± 0.00 B 25.84 ± 0.42 B

MS 490.14 ± 19.46 B 336.59 ± 15.39 B 28.92 ± 0.11 C 27.03 ± 0.83 B 2.89 ± 0.27 B 5.57 ± 0.46 C 0.18 ± 0.11 C 26.96 ± 0.32 A

ES 752.86 ± 28.68 A 387.16 ± 13.65 B 30.65 ± 0.27 A 29.92 ± 0.74 A 4.55 ± 0.30 A 8.85 ± 0.69 B 0.37 ± 0.00 A 27.57 ± 0.42 A

OG = old-growth, MS = mid-secondary, ES = early-secondary forests. Early-secondary site was not sampled
during 2019.

3.2.2. Relationship between RS to Flux and Biophysical Controls

Using Spearman correlations, our results identified relationships from biophysical
controls with RS (Table 6); where VPD was negatively correlated (p < 0.0001) in all sites K
showed a negative relationship only in the OG site. Meanwhile, ET and GPP were only
correlated in the OG and MS sites, and Tair showed a significant positive relationship at MS
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(p < 0.05) and ES (p < 0.001) sites but not in the OG site. Furthermore, a positive correlation
between SWCsite and RS was found in the OG and MS sites, while TSsite did not show a
relationship in any of the three sites.

Table 6. Correlation coefficients of soil respiration with global radiation (K), net radiation (Q*), air
temperature (Tair), vapor deficit pressure (VPD), evapotranspiration (ET), gross primary production
(GPP), soil volumetric water content (SWC) and soil temperature (TS) in old-growth (OG), mid-
secondary (MS) and early-secondary (ES) tropical dry forests in northwestern Mexico. The “*”, “**”
and “***” represent the 0.0001, 0.001 and 0.05 significance probability of p-value, respectively.

Site K
(W m−2)

Q*
(W m−2)

Tair
(◦C)

VPD
(hPa)

ET
(mm)

GPP
(µmol CO2 m−2 s−1)

SWC
(m3 m−3)

TS
(◦C)

OG −0.05 * 0.04 0.35 −0.39 *** 0.66 ** 0.77 *** 0.65 *** 0.26
MS 0.09 0.16 0.05 * −0.39 *** 0.57 0.43 0.64 ** 0.29
ES 0.25 0.30 −0.20 ** −0.30 ** 0.67 ** 0.65 ** 0.27 0.16

The structural equation models (SEM) revealed complex cause–effect significant in-
teractions over RS (Figure 2). The squared multiple correlations highly explained the
variance of the different biophysical controls over the variability of RS in the three sites:
ES (R2 = 0.76), OG (R2 = 0.72) and MS (R2 = 0.68). These analyses demonstrated that the
relative importance of the biophysical controls varied according to the forest succession,
highlighting the influence of considering these controls in TDF (Figure 2). As expected,
relationships among the meteorological variables and ecosystem fluxes were found in all
three sites. For instance, Tair was strongly and directly correlated to VPD and SWCsite;
while VPD resulted in a significant negative relationship (~0.72) to SWCsite in the three sites.
Moreover, in terms of ecosystem fluxes, the variability of ET depends on Q* by 0.27, 0.30
and 0.62 in ES, MS and OG sites, respectively. ET had a significant positive relationship over
GPP by 0.84 in the ES site, 0.71 in the MS site and 0.36 in the OG site. VPD and Tair played
an important role in GPP and ET in sites, where VPD showed a significant negative effect,
and Tair had a significant positive relationship in the variability of these fluxes (Figure 2).

In turn, soil respiration (RS) was consistently controlled by TSsite, having a positive
and direct relationship at all sites; however, this effect had a stronger significant correlation
in the ES (0.22) and MS (0.13) sites in contrast to OG (0.10). Then, a positive and direct
relationship of SWCsite and ET was identified at the OG and MS sites. However, we found
that the tightest effect of SWCsite over RS tended to be in the OG site (0.23), with the least
being in the MS forest (0.13); meanwhile, the relationship with ET was highly significant
in both sites (OG = 0.25, MS = 0.27). On the contrary, in the ES site, SWCsite and ET did
not have a significant effect over RS (Figure 2c). Additionally, K, seems to have a minor
direct effect over RS, only affecting it negatively in the OG site (Figure 2a). Notably, the
SEM results showed that GPP exerted an overall direct effect over RS in the ES and OG
sites, but not in the MS site. A strong control of GPP was identified in the ES site (0.70),
in contrast to the OG site, where the least effect was detected (0.41), and a null effect was
observed in the MS site (Figure 2b).
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4. Discussion

In this manuscript, we analyzed the temporal variations of soil respiration (RS) in
order to determine intra-annual and seasonal variations along three forest succession sites
in a tropical dry forest (TDF) in northwestern Mexico by incorporating the analysis of RS
measurements, continuous ecosystem flux and meteorological observations. Furthermore,
we assessed the relative contribution of biophysical controls of RS relaying in structural
equation models (SEM). We discuss the interactions and the influence of different environ-
mental and biological drivers that regulate the interannual variability of RS, such as soil
moisture, soil temperature, atmospheric moisture demand or the autotrophic contribution
and their relative importance along a TDF succession in northwestern Mexico.

4.1. Interannual and Seasonal Variation of RS along Succession in TDF

In seasonally dry ecosystems such as TDF, carbon, water and energy fluxes are tightly
linked to the intra-annual and interannual seasonal variations in precipitation and moisture
availability [83] and successional changes in the forest affecting RS [56,84,85].

In the TDF of northwestern Mexico, RS followed a typical seasonal pattern for season-
ally dry ecosystems where after a period of water stress and dormancy, a large CO2 pulse
is stimulated by the first precipitation events. Soil respiration then reaches a maximum
rate coinciding with the highest overall biological activity of the TDF, and finally a drastic
decrease as the soil dries towards the end of the growing season [16,56,86]. We hypoth-
esized that RS would have significant variations across forest succession sites at annual
and seasonal scales. The mean annual RS rate in the old-growth (OG) was higher than at
the mid-secondary (MS) and early-secondary (ES) forests, but contrary to our expectations,
during the study period, the mean annual RS rates did not reveal significant differences
between the sites. However, at interannual scales, RS mean rates differed significantly
between seasons and according to forest succession (Table 3). These temporal RS variations
across sites suggest that these seasonal differences could be related to site-specific direct
and indirect interactions between biotic and abiotic factors that include environmental
conditions and vegetation attributes (i.e., root density, above- and belowground biomass)
coupled with physical and chemical soil properties, substrate availability and microbial
activity along the forest succession [87–89].

Noteworthy, we found that RS responded to precipitation inputs differently according
to the state of forest succession, where the sites on early- and mid-secondary successional
stages depict a faster increasing response in this flux than an old-growth forest. However,
the ES and MS sites resulted in a much more ephemeral flux with a rapidly decreasing
trend at the end of the wet season, while the OG site showed sustained high RS rates for
a longer time during the summer–fall transition (Figure 1c). A likely explanation for the
sustained RS rates in the OG site may be related to the amounts of soil organic matter
(5.5 ± 0.2%) and litterfall production (4.32 Mg ha−1 year−1) from previous seasons in this
site. Furthermore, accumulated organic matter still available for decomposition from tree
mortality that occurred in 2011 due to an extreme freezing event in the region may play an
additional role [61,90].

4.2. Responses of RS to Biophysical Controls

In this study, structural equation models (SEM) were applied to integrate multiyear
observations of RS, ecosystem flux and meteorological variables, in order to identify the
main biophysical controls of the variability of RS and their relative importance along a three
TDF succession sites. Overall, we hypothesized that the relative importance of biophysical
controls in the interannual variability of RS, such as global radiation (K), air temperature
(Tair), vapor pressure deficit (VPD), evapotranspiration (ET) and gross primary production
(GPP), would be different among OG, MS and ES TDF sites.

At the TDF of northwestern Mexico, RS is mainly driven by soil volumetric water
content (SWCsite), and soil temperature (TSsite) represents a lesser role in this flux, similar
to other studies in seasonally dry ecosystems [91–94].
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According to our results, the influence of SWCsite was higher in the OG than the
MS site; even though SWCsite and ET showed the highest mean annual values in the ES
site during the study period, there was no significant effect on RS from these controls
(Figure 2). The strong influence of SWCsite observed in the OG and MS sites is consistent
with observations in other forests and seasonally dry ecosystems [11,95,96].

Contrary to our expectations, RS was consistently influenced by TSsite, regardless of
forest succession on the TDF sites. However, the relative importance over RS was different
along the forest successions since the influence of TSsite on the ES site was higher and
decreased as the forest transitioned to more advanced successional stages at MS and OG
and as observed in other types of forests [89].

The contrasting effects of GPP on RS in our TDF succession gradient suggests that
legume pioneer tree species may be exerting a strong influence on RS in the ES site due to
a high metabolic activity (high GPP) as a consequence of a fast canopy and root system
development during these early stages of succession in TDF [97]. Pioneering trees species
maintain an active metabolism under water-stressed and drought conditions to maximize
their net photosynthetic rates and resource acquisition efficiency [98–101]. At the TDF in
northwest Mexico, the pioneer species A. cochliacantha forms a dense canopy and displays
functional traits for high and rapid water use, such as an extensive lateral shallow-rooted
system with no tap roots [52,102]. This trait combination suggests an active autotrophic
activity in the ES site that is reflected in a strong positive effect of GPP on RS in our SEM
analysis (SRW = 0.70, Figure 2c). It is worth mentioning that the effect of GPP over RS in
the MS site is absent (Figure 2b), having been significant in the OG site but not as strong
as in the ES forest (SRW = 0.41, Figure 2a). The complexity of the rooting systems might
explain these contrasting effects of GPP over RS along the TDF succession as vegetation
structure and composition changes with forest succession [103,104]. In the mid-secondary
forest (MS), the dominance of A. cochliacantha decreases as tree species with deeper root
systems increase [52]. In contrast, the OG site presents mature vegetation and a dense
herbaceous and shrub understory with a well-developed shallow-rooted system that might
contribute to the effect of GPP over RS.

Other biophysical controls should be considered in order to improve our understand-
ing in mechanisms involving the variability of RS. First, vapor pressure deficit (VPD) and
gross primary production (GPP) were negatively correlated at all sites (Figure 2). Gas
exchange and carbon isotope studies have discussed the link between tree photosynthesis,
respiration and VPD [105–109]. VPD is considered as an ecophysiological moisture stress
proxy of vegetation for regulating stomata conductance that contributes to determining
the carbon uptake and water loss dynamics in ecosystems [110]; this suggests that pho-
tosynthetic rates and stomatal conductance at high VPD values constrain GPP [111], and
therefore should have an influence on root respiration [108,112]. This is demonstrated in
our results, as soil respiration (RS) in the MS site showed a positive correlation with Tair
and was negatively correlated with VPD in the MS and ES sites (Figure 2), but did not
influence RS in the OG site. The strongest effect of VPD in the MS site suggests a higher
evaporative demand in the soil [113], resulting in a shorter water time residence in the
shallow soil, and thus might be constraining the metabolic activity from the heterotrophic
component of RS at this site.

Secondly, global radiation (K) exerted a minor direct control in RS with a negative effect
in the OG site only. Contrary to early and secondary forests, old-growth forests present a
well-developed canopy and understory with a low canopy openness, a high foliage density
and a greater leaf area index [114,115]. These features suggest that the influence of K over
RS in the OG forest is due to more drastic seasonal changes in vegetation cover across
the wet and dry seasons [116]. For example, a lower leaf area index as a consequence of
litterfall during the dry season [117], affecting forest soil microclimate [118,119].
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4.3. Relatability of SEM to Assess Cause–Effects on RS

Structural equation models (SEM) provide a scientific framework to represent direct
and indirect cause–effect relationships from highly related variables and test multivariate
hypotheses about multiple ecological processes [81,120]. The SEM presented in this study
shows the multiple causal relationships that control the variability of RS from a tropical
dry forest (TDF) in northwestern Mexico and allowed us to discern the relative importance
among biophysical controls at individual sites and across the succession gradient. These
models underline how the paths change among the TDF successional stages, highlighting
the greater complexity of interactions in an old-growth forest (OG) compared to early- (ES)
and mid-secondary (MS) sites.

Furthermore, the path model performance for the OG, MS and ES sites showed a
good fit since models explained a high proportion of the variance of RS (ES, R2 = 0.76; OG,
R2 = 0.72; MS, R2 = 0.68). These estimates are comparable with previous studies in temper-
ate, tropical, subtropical, arid and semiarid ecosystems that tested significant cause–effect
interactions among different biophysical controls and RS. For example, Guan et al. [121]
observed R2 = 0.79 in a steppe, and Flores-Rentería et al. [82] explained R2 = 0.17 in a
Mediterranean forest; meanwhile, for a humid subtropical forest, Tian et al. [122] reported
R2 = 0.63 and Li et al. [123] showed R2 = 0.42 and R2 = 0.39 for tropical and subtropical
forests and grasslands, respectively. In addition, Campuzano et al. [11] reported R2 = 0.50 in
a semiarid shrubland. Therefore, SEM is a robust modeling tool to account for the effects of
key controls of RS variability and create a functional framework depicting the interactions,
mechanisms and processes in TDF soils from northwestern Mexico [124].

4.4. Soil Respiration from Tropical Dry Forests in a Global Context

Dryland ecosystems cover about 40% of the terrestrial surface [125]. These ecosystems
have received a significant role in the global carbon cycle (C) due to dynamic biogeochemi-
cal processes that define their productivity and control the global CO2 concentration in the
atmosphere [126]. At the global scale, they represent 51% and 39% of the global land C sink
and the net C flux interannual variability [127], respectively, and nearly three-quarters of C
stocks are stored in soil [128].

Tropical dry forests (TDF) in northwestern Mexico can contribute an important amount
of CO2 emissions from soils. We found that it is possible to compare our seasonal RS rates
across several drylands and seasonally dry ecosystems. For instance, Leon et al. [92] re-
ported RS variations for Mediterranean shrubland from 0.4 to 0.8 µmol CO2 m−2 s−1 during
the dry season, and during the wet season these rates ranged from 0.9 to 2.1 µmol CO2 m−2 s−1;
Arellano-Martin et al. [86] for TDFs in southeast Mexico found a mean rate of
1.5 µmol CO2 m−2 s−1 and 5.3 µmol CO2 m−2 s−1 during the dry and wet season, respec-
tively. Meanwhile, for a TDF in Thailand, Adachi et al. [129] reported mean RS rates from
1.98 to 3.40 µmol CO2 m−2 s−1 in the dry season and from 3.20 to 4.49 µmol CO2 m−2 s−1

in the wet season; Hanpattanakit et al. [130] observed seasonal ranges from 1.93 to
2.20 µmol CO2 m−2 s−1 in dry periods, whereas in the wet periods it varied from 2.70 to
3.93 µmol CO2 m−2 s−1. Regarding RS in TDF sites with succession, during the dry season,
Calvo-Rodriguez et al. [56] found mean rates of 0.75 ± 0.85 µmol CO2 m−2 s−1 for an aban-
doned pasture (AP), 0.72 ± 0.28 µmol CO2 m−2 s−1 in the early-secondary forest (ES) and
1.26 ± 0.79 µmol CO2 m−2 s−1 for a mid-secondary forest (MS), then mean rates reported
at the wet season were 4.15 ± 2.25 µmol CO2 m−2 s−1, 6.85 ± 2.82 µmol CO2 m−2 s−1 and
6.53 ± 2.56 µmol CO2 m−2 s−1 for AP, ES and MS, respectively.

Finally, our annual cumulative RS estimates included ranges from 712.87 to 1005.89 g C m−2

in the OG site, while those in the MS site ranged from 618.16 to 837.38 g C m−2 and from
681.19 to 786.33 g C m−2 in the ES site, which are consistent and within the ranges reported
in other tropical, subtropical and seasonally dry forests around the world (Table 7).
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Table 7. Annual cumulative RS estimates along a precipitation gradient from tropical and subtropical
ecosystems. Study sites are displayed according to the mean annual precipitation. Mean ± standard
deviation is expressed in multiyear studies.

Ecosystem Type Country Annual Cumulative RS
(g C m−2)

Mean Annual
Precipitation (mm)

Reference

Subtropical monsoon
evergreen broadleaved

forest

China OG-1163
MS-592
ES-1023

1956 Yan et al. [87]

Tropical forest Malaysia OG-2242
MS-1672

1895 Adachi et al. [84]

Subtropical evergreen
broadleaved

forest

China OG-1861 ± 214
MS-1259 ± 84

1664 Sheng et al. [131]

Tropical dry forest Mexico 1032 1650 Vargas and Allen, [132]

Tropical dry forest Costa Rica MS-742 ± 121
ES-856 ± 137
AP-722 ± 142

1500 Calvo-Rodriguez et al. [56]

Tropical dry
dipterocarp forest

Thailand 996 ± 56 1253 Hanpattanakit et al. [130]

Tropical dry forest Mexico OG-869 ± 142
MS-719 ± 97
ES-732 ± 53

724 This study

Semiarid loess plateau China 647 ± 169 560 Sun et al. [133]

Oak-grass savannah USA 488 559 Tang and Baldocchi, [134]

AP = abandoned pasture, ES = early-secondary forest, MS = mid-secondary forest, OG = old-growth forest. Bolded
text highlights the results from the present study.

5. Conclusions

Seasonality plays a critical role in the variability of RS along forest succession in TDFs
from northwestern Mexico. The patterns of RS responded differently to precipitation inputs
according to the forest succession, where the early- (ES) and mid-secondary (MS) forests
showed a faster response at the early wet season, but with an ephemeral flux with rapid
decreasing towards the end of the wet season compared to the old-growth forest (OG).
Mean annual rates of RS did not show significant differences among sites, although the OG
forest sustained the highest rates along the study period.

Our results revealed through structural equation models (SEM) that as the forest
transitions to advanced successional stages, the path interactions between RS and the
biophysical factors become more complex. We found a variable control of GPP on RS across
succession, suggesting that the complexity of the rooting systems plays an important role
on the soil respiration flux of the TDF.

Finally, soils of the TDF in northwestern Mexico showed annual net emissions between
618 to 1006 g C m−2, varying according to environmental conditions and forest succession
but within the range observed in other tropical dry forest.
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82. Flores-Rentería, D.; Rincón, A.; Morán-López, T.; Hereş, A.-M.; Pérez-Izquierdo, L.; Valladares, F.; Curiel Yuste, J. Habitat

Fragmentation Is Linked to Cascading Effects on Soil Functioning and CO2 Emissions in Mediterranean Holm-Oak-Forests. PeerJ
2018, 6, e5857. [CrossRef] [PubMed]

83. Da Silva, P.F.; da Lima, J.R.d.S.; Antonino, A.C.D.; Souza, R.; de Souza, E.S.; Silva, J.R.I.; Alves, E.M. Seasonal Patterns of Carbon
Dioxide, Water and Energy Fluxes over the Caatinga and Grassland in the Semi-Arid Region of Brazil. J. Arid Environ. 2017,
147, 71–82. [CrossRef]

84. Adachi, M.; Bekku, Y.S.; Rashidah, W.; Okuda, T.; Koizumi, H. Differences in Soil Respiration between Different Tropical
Ecosystems. Appl. Soil Ecol. 2006, 34, 258–265. [CrossRef]

85. Hu, S.; Li, Y.; Chang, S.X.; Li, Y.; Yang, W.; Fu, W.; Liu, J.; Jiang, P.; Lin, Z. Soil Autotrophic and Heterotrophic Respiration Respond
Differently to Land-Use Change and Variations in Environmental Factors. Agric. For. Meteorol. 2018, 250, 290–298. [CrossRef]

86. Arellano-Martín, F.; Dupuy, J.M.; Us-Santamaría, R.; Andrade, J.L. Soil CO2 Efflux Fluctuates in Three Different Annual Seasons
in a Semideciduous Tropical Forest in Yucatan, Mexico. Terra Latinoam. 2022, 40, 1–12. [CrossRef]

87. Yan, J.; Zhang, D.; Zhou, G.; Liu, J. Soil Respiration Associated with Forest Succession in Subtropical Forests in Dinghushan
Biosphere Reserve. Soil Biol. Biochem. 2009, 41, 991–999. [CrossRef]

88. Aryal, D.R.; De Jong, B.H.J.; Mendoza-Vega, J.; Ochoa-Gaona, S.; Esparza-Olguín, L. Soil Organic Carbon Stocks and Soil Respira-
tion in Tropical Secondary Forests in Southern Mexico. In Global Soil Security; Field, D.J., Morgan, C.L.S., McBratney, A.B., Eds.;
Progress in Soil Science; Springer International Publishing: Cham, Switzerland, 2017; pp. 153–165. [CrossRef]

89. Duan, B.; Cai, T.; Man, X.; Xiao, R.; Gao, M.; Ge, Z.; Mencuccini, M. Different Variations in Soil CO2, CH4, and N2O Fluxes and
Their Responses to Edaphic Factors along a Boreal Secondary Forest Successional Trajectory. Sci. Total Environ. 2022, 838, 155983.
[CrossRef]

90. Bojórquez, A.; Martínez-Yrízar, A.; Álvarez-Yépiz, J.C. A Landscape Assessment of Frost Damage in the Northmost Neotropical
Dry Forest. Agric. For. Meteorol. 2021, 308–309, 108562. [CrossRef]

91. Cable, J.M.; Ogle, K.; Lucas, R.W.; Huxman, T.E.; Loik, M.E.; Smith, S.D.; Tissue, D.T.; Ewers, B.E.; Pendall, E.; Welker, J.M.; et al.
The Temperature Responses of Soil Respiration in Deserts: A Seven Desert Synthesis. Biogeochemistry 2011, 103, 71–90. [CrossRef]

92. Leon, E.; Vargas, R.; Bullock, S.; Lopez, E.; Panosso, A.R.; La Scala, N. Hot Spots, Hot Moments, and Spatio-Temporal Controls on
Soil CO2 Efflux in a Water-Limited Ecosystem. Soil Biol. Biochem. 2014, 77, 12–21. [CrossRef]

93. Roby, M.C.; Scott, R.L.; Barron-Gafford, G.A.; Hamerlynck, E.P.; Moore, D.J.P. Environmental and Vegetative Controls on Soil CO2
Efflux in Three Semiarid Ecosystems. Soil Syst. 2019, 3, 6. [CrossRef]

94. Carbone, M.S.; Still, C.J.; Ambrose, A.R.; Dawson, T.E.; Williams, A.P.; Boot, C.M.; Schaeffer, S.M.; Schimel, J.P. Seasonal and
Episodic Moisture Controls on Plant and Microbial Contributions to Soil Respiration. Oecologia 2011, 167, 265–278. [CrossRef]

95. Adair, E.C.; Reich, P.B.; Trost, J.J.; Hobbie, S.E. Elevated CO2 Stimulates Grassland Soil Respiration by Increasing Carbon Inputs
Rather than by Enhancing Soil Moisture. Glob. Change Biol. 2011, 17, 3546–3563. [CrossRef]

96. Biederman, J.A.; Scott, R.L.; Goulden, M.L.; Vargas, R.; Litvak, M.E.; Kolb, T.E.; Yepez, E.A.; Oechel, W.C.; Blanken, P.D.;
Bell, T.W.; et al. Terrestrial Carbon Balance in a Drier World: The Effects of Water Availability in Southwestern North America.
Glob. Chang. Biol. 2016, 22, 1867–1879. [CrossRef]

97. Lebrija-Trejos, E.; Meave, J.A.; Poorter, L.; Pérez-García, E.A.; Bongers, F. Pathways, Mechanisms and Predictability of Vegetation
Change during Tropical Dry Forest Succession. Plant Ecol. Evol. Syst. 2010, 12, 267–275. [CrossRef]

http://doi.org/10.1111/j.1365-2486.2005.001002.x
http://doi.org/10.5194/bg-15-5015-2018
http://doi.org/10.24850/j-tyca-2020-05-04
http://doi.org/10.1002/9781119951933
http://doi.org/10.5194/hess-11-210-2007
http://doi.org/10.1007/978-1-4419-9504-9
http://doi.org/10.1007/s10021-007-9079-y
http://doi.org/10.1146/annurev.es.05.110174.001211
http://doi.org/10.1016/j.agrformet.2005.09.006
http://doi.org/10.1016/j.soilbio.2019.02.017
http://doi.org/10.1017/CBO9780511617799
http://doi.org/10.7717/peerj.5857
http://www.ncbi.nlm.nih.gov/pubmed/30397552
http://doi.org/10.1016/j.jaridenv.2017.09.003
http://doi.org/10.1016/j.apsoil.2006.01.006
http://doi.org/10.1016/j.agrformet.2018.01.003
http://doi.org/10.28940/terra.v40i0.968
http://doi.org/10.1016/j.soilbio.2008.12.018
http://doi.org/10.1007/978-3-319-43394-3_14
http://doi.org/10.1016/j.scitotenv.2022.155983
http://doi.org/10.1016/j.agrformet.2021.108562
http://doi.org/10.1007/s10533-010-9448-z
http://doi.org/10.1016/j.soilbio.2014.05.029
http://doi.org/10.3390/soilsystems3010006
http://doi.org/10.1007/s00442-011-1975-3
http://doi.org/10.1111/j.1365-2486.2011.02484.x
http://doi.org/10.1111/gcb.13222
http://doi.org/10.1016/j.ppees.2010.09.002


Soil Syst. 2022, 6, 75 20 of 21

98. Méndez-Alonzo, R.; Paz, H.; Zuluaga, R.C.; Rosell, J.A.; Olson, M.E. Coordinated Evolution of Leaf and Stem Economics in
Tropical Dry Forest Trees. Ecology 2012, 93, 2397–2406. [CrossRef]

99. Chai, Y.; Yue, M.; Wang, M.; Xu, J.; Liu, X.; Zhang, R.; Wan, P. Plant Functional Traits Suggest a Change in Novel Ecological
Strategies for Dominant Species in the Stages of Forest Succession. Oecologia 2016, 180, 771–783. [CrossRef]

100. Lasky, J.R.; Uriarte, M.; Muscarella, R. Synchrony, Compensatory Dynamics, and the Functional Trait Basis of Phenological
Diversity in a Tropical Dry Forest Tree Community: Effects of Rainfall Seasonality. Environ. Res. Lett. 2016, 11, 115003. [CrossRef]

101. Sanaphre-Villanueva, L.; Dupuy, J.M.; Andrade, J.L.; Reyes-García, C.; Jackson, P.C.; Paz, H. Patterns of Plant Functional Variation
and Specialization along Secondary Succession and Topography in a Tropical Dry Forest. Environ. Res. Lett. 2017, 12, 055004.
[CrossRef]

102. Castro-López, J.A.; Robles-Morua, A.; Méndez-Barroso, L.A.; Garatuza-Payan, J.; Rojas-Robles, O.A.; Yépez, E.A. Water Isotope
Variation in an Ecohydrologic Context at a Seasonally Dry Tropical Forest in Northwest Mexico. J. Arid Environ. 2022, 196, 104658.
[CrossRef]

103. Kalacska, M.; Sanchez-Azofeifa, G.A.; Calvo-Alvarado, J.C.; Quesada, M.; Rivard, B.; Janzen, D.H. Species Composition, Similarity
and Diversity in Three Successional Stages of a Seasonally Dry Tropical Forest. For. Ecol. Manag. 2004, 200, 227–247. [CrossRef]

104. Lebrija-Trejos, E.; Bongers, F.; Pérez-García, E.A.; Meave, J.A. Successional Change and Resilience of a Very Dry Tropical
Deciduous Forest Following Shifting Agriculture: Tropical Very Dry Forest Secondary Succession. Biotropica 2008, 40, 422–431.
[CrossRef]

105. Ekblad, A.; Boström, B.; Holm, A.; Comstedt, A. Forest Soil Respiration Rate and ∆13C Is Regulated by Recent above Ground
Weather Conditions. Oecologia 2005, 143, 136–142. [CrossRef]

106. Alstad, K.P.; Lai, C.-T.; Flanagan, L.B.; Ehleringer, J.R. Environmental Controls on the Carbon Isotope Composition of Ecosystem-
Respired CO2 in Contrasting Forest Ecosystems in Canada and the USA. Tree Physiol. 2007, 27, 1361–1374. [CrossRef] [PubMed]

107. Carbone, M.S.; Winston, G.C.; Trumbore, S.E. Soil Respiration in Perennial Grass and Shrub Ecosystems: Linking Environmental
Controls with Plant and Microbial Sources on Seasonal and Diel Timescales. J. Geophys. Res. Biogeosci. 2008, 113, G02022.
[CrossRef]

108. Cable, J.M.; Ogle, K.; Barron-Gafford, G.A.; Bentley, L.P.; Cable, W.L.; Scott, R.L.; Williams, D.G.; Huxman, T.E. Antecedent
Conditions Influence Soil Respiration Differences in Shrub and Grass Patches. Ecosystems 2013, 16, 1230–1247. [CrossRef]

109. Tarin, T.; Nolan, R.H.; Eamus, D.; Cleverly, J. Carbon and Water Fluxes in Two Adjacent Australian Semi-Arid Ecosystems. Agric.
For. Meteorol. 2020, 281, 107853. [CrossRef]

110. Novick, K.A.; Ficklin, D.L.; Stoy, P.C.; Williams, C.A.; Bohrer, G.; Oishi, A.C.; Papuga, S.A.; Blanken, P.D.; Noormets, A.;
Sulman, B.N.; et al. The Increasing Importance of Atmospheric Demand for Ecosystem Water and Carbon Fluxes. Nat. Clim.
Change 2016, 6, 1023–1027. [CrossRef]

111. Fu, Z.; Ciais, P.; Prentice, I.C.; Gentine, P.; Makowski, D.; Bastos, A.; Luo, X.; Green, J.K.; Stoy, P.C.; Yang, H.; et al. Atmospheric
Dryness Reduces Photosynthesis along a Large Range of Soil Water Deficits. Nat. Commun. 2022, 13, 989. [CrossRef] [PubMed]

112. Bowling, D.R.; McDowell, N.G.; Bond, B.J.; Law, B.E.; Ehleringer, J.R. 13C Content of Ecosystem Respiration Is Linked to
Precipitation and Vapor Pressure Deficit. Oecologia 2002, 131, 113–124. [CrossRef] [PubMed]

113. Roby, M.C.; Scott, R.L.; Moore, D.J.P. High Vapor Pressure Deficit Decreases the Productivity and Water Use Efficiency of
Rain-Induced Pulses in Semiarid Ecosystems. J. Geophys. Res. Biogeosci. 2020, 125, e2020JG005665. [CrossRef]

114. Quesada, M.; Sanchez-Azofeifa, G.A.; Alvarez-Añorve, M.; Stoner, K.E.; Avila-Cabadilla, L.; Calvo-Alvarado, J.; Castillo, A.;
Espírito-Santo, M.M.; Fagundes, M.; Fernandes, G.W.; et al. Succession and Management of Tropical Dry Forests in the Americas:
Review and New Perspectives. For. Ecol. Manag. 2009, 258, 1014–1024. [CrossRef]

115. Wirth, C.; Gleixner, G.; Heimann, M. Old-Growth Forests: Function, Fate and Value—An Overview. In Old-Growth Forests; Wirth,
C., Gleixner, G., Heimann, M., Eds.; Ecological Studies; Springer: Berlin/Heidelberg, Germany, 2009; Volume 207, pp. 3–10.
[CrossRef]

116. Baldocchi, D.; Collineau, S. The Physical Nature of Solar Radiation in Heterogeneous Canopies: Spatial and Temporal Attributes.
In Exploitation of Environmental Heterogeneity by Plants; Elsevier: Amsterdam, The Netherlands, 1994; pp. 21–71. [CrossRef]

117. Maass, J.; Vose, J.M.; Swank, W.T.; Martínez-Yrízar, A. Seasonal Changes of Leaf Area Index (LAI) in a Tropical Deciduous Forest
in West Mexico. For. Ecol. Manag. 1995, 74, 171–180. [CrossRef]

118. Yu, L.; Wang, Y.; Wang, Y.; Sun, S.; Liu, L. Quantifying Components of Soil Respiration and Their Response to Abiotic Factors in
Two Typical Subtropical Forest Stands, Southwest China. PLoS ONE 2015, 10, e0117490. [CrossRef]

119. Badraghi, A.; Ventura, M.; Polo, A.; Borruso, L.; Giammarchi, F.; Montagnani, L. Soil Respiration Variation along an Altitudinal
Gradient in the Italian Alps: Disentangling Forest Structure and Temperature Effects. PLoS ONE 2021, 16, e0247893. [CrossRef]

120. Shipley, B. Cause and Correlation in Biology: A User’s Guide to Path Analysis, Structural Equations and Causal Inference with R, 2nd ed.;
Cambridge University Press: Cambridge, UK, 2016. [CrossRef]

121. Guan, C.; Chen, N.; Qiao, L.; Zhao, C. Contrasting Effects of Biological Soil Crusts on Soil Respiration in a Typical Steppe. Soil
Biol. Biochem. 2022, 169, 108666. [CrossRef]

122. Tian, Q.; Wang, D.; Tang, Y.; Li, Y.; Wang, M.; Liao, C.; Liu, F. Topographic Controls on the Variability of Soil Respiration in a
Humid Subtropical Forest. Biogeochemistry 2019, 145, 177–192. [CrossRef]

123. Li, J.; Pei, J.; Pendall, E.; Fang, C.; Nie, M. Spatial Heterogeneity of Temperature Sensitivity of Soil Respiration: A Global Analysis
of Field Observations. Soil Biol. Biochem. 2020, 141, 107675. [CrossRef]

http://doi.org/10.1890/11-1213.1
http://doi.org/10.1007/s00442-015-3483-3
http://doi.org/10.1088/1748-9326/11/11/115003
http://doi.org/10.1088/1748-9326/aa6baa
http://doi.org/10.1016/j.jaridenv.2021.104658
http://doi.org/10.1016/j.foreco.2004.07.001
http://doi.org/10.1111/j.1744-7429.2008.00398.x
http://doi.org/10.1007/s00442-004-1776-z
http://doi.org/10.1093/treephys/27.10.1361
http://www.ncbi.nlm.nih.gov/pubmed/17669727
http://doi.org/10.1029/2007JG000611
http://doi.org/10.1007/s10021-013-9679-7
http://doi.org/10.1016/j.agrformet.2019.107853
http://doi.org/10.1038/nclimate3114
http://doi.org/10.1038/s41467-022-28652-7
http://www.ncbi.nlm.nih.gov/pubmed/35190562
http://doi.org/10.1007/s00442-001-0851-y
http://www.ncbi.nlm.nih.gov/pubmed/28547501
http://doi.org/10.1029/2020JG005665
http://doi.org/10.1016/j.foreco.2009.06.023
http://doi.org/10.1007/978-3-540-92706-8_1
http://doi.org/10.1016/B978-0-12-155070-7.50007-X
http://doi.org/10.1016/0378-1127(94)03485-F
http://doi.org/10.1371/journal.pone.0117490
http://doi.org/10.1371/journal.pone.0247893
http://doi.org/10.1017/CBO9781139979573
http://doi.org/10.1016/j.soilbio.2022.108666
http://doi.org/10.1007/s10533-019-00598-x
http://doi.org/10.1016/j.soilbio.2019.107675


Soil Syst. 2022, 6, 75 21 of 21

124. Eisenhauer, N.; Bowker, M.A.; Grace, J.B.; Powell, J.R. From Patterns to Causal Understanding: Structural Equation Modeling
(SEM) in Soil Ecology. Pedobiologia 2015, 58, 65–72. [CrossRef]

125. Reynolds, J.F.; Smith, D.M.S.; Lambin, E.F.; Turner, B.L.; Mortimore, M.; Batterbury, S.P.J.; Downing, T.E.; Dowlatabadi, H.;
Fernández, R.J.; Herrick, J.E.; et al. Global Desertification: Building a Science for Dryland Development. Science 2007, 316, 847–851.
[CrossRef]

126. Poulter, B.; Frank, D.; Ciais, P.; Myneni, R.B.; Andela, N.; Bi, J.; Broquet, G.; Canadell, J.G.; Chevallier, F.; Liu, Y.Y.; et al.
Contribution of Semi-Arid Ecosystems to Interannual Variability of the Global Carbon Cycle. Nature 2014, 509, 600–603.
[CrossRef]

127. Ahlström, A.; Raupach, M.R.; Schurgers, G.; Smith, B.; Arneth, A.; Jung, M.; Reichstein, M.; Canadell, J.G.; Friedlingstein, P.;
Jain, A.K.; et al. The Dominant Role of Semi-Arid Ecosystems in the Trend and Variability of the Land CO2 Sink. Science 2015,
348, 895–899. [CrossRef] [PubMed]

128. Ayala-Niño, F.; Maya-Delgado, Y.; García-Calderón, N.E.; Olmedo, G.; Guevara, M.; Troyo-Diéguez, E. Spatial Distribution of Soil
Carbon Storage in Desert Shrubland Ecosystems of Northwest Mexico. J. Arid Environ. 2020, 183, 104251. [CrossRef]

129. Adachi, M.; Ishida, A.; Bunyavejchewin, S.; Okuda, T.; Koizumi, H. Spatial and Temporal Variation in Soil Respiration in a
Seasonally Dry Tropical Forest, Thailand. J. Trop. Ecol. 2009, 25, 531–539. [CrossRef]

130. Hanpattanakit, P.; Leclerc, M.Y.; Mcmillan, A.M.S.; Limtong, P.; Maeght, J.-L.; Panuthai, S.; Inubushi, K.; Chidthaisong, A.
Multiple Timescale Variations and Controls of Soil Respiration in a Tropical Dry Dipterocarp Forest, Western Thailand. Plant Soil
2015, 390, 167–181. [CrossRef]

131. Sheng, H.; Yang, Y.; Yang, Z.; Chen, G.; Xie, J.; Guo, J.; Zou, S. The Dynamic Response of Soil Respiration to Land-Use Changes in
Subtropical China. Glob. Change Biol. 2010, 16, 1107–1121. [CrossRef]

132. Vargas, R.; Allen, M.F. Diel Patterns of Soil Respiration in a Tropical Forest after Hurricane Wilma. J. Geophys. Res. Biogeosci. 2008,
113, G03021. [CrossRef]

133. Sun, Q.; Wang, R.; Hu, Y.; Yao, L.; Guo, S. Spatial Variations of Soil Respiration and Temperature Sensitivity along a Steep Slope of
the Semiarid Loess Plateau. PLoS ONE 2018, 13, e0195400. [CrossRef]

134. Tang, J.; Baldocchi, D.D. Spatial–Temporal Variation in Soil Respiration in an Oak–Grass Savanna Ecosystem in California and Its
Partitioning into Autotrophic and Heterotrophic Components. Biogeochemistry 2005, 73, 183–207. [CrossRef]

http://doi.org/10.1016/j.pedobi.2015.03.002
http://doi.org/10.1126/science.1131634
http://doi.org/10.1038/nature13376
http://doi.org/10.1126/science.aaa1668
http://www.ncbi.nlm.nih.gov/pubmed/25999504
http://doi.org/10.1016/j.jaridenv.2020.104251
http://doi.org/10.1017/S026646740999006X
http://doi.org/10.1007/s11104-015-2386-8
http://doi.org/10.1111/j.1365-2486.2009.01988.x
http://doi.org/10.1029/2007JG000620
http://doi.org/10.1371/journal.pone.0195400
http://doi.org/10.1007/s10533-004-5889-6

	Introduction 
	Materials and Methods 
	Site Description 
	Soil Respiration Measurements 
	Ecosystem Flux and Meteorological Measurements 
	Statistical Analyses 

	Results 
	Interannual and Seasonal Time Series 
	Precipitation 
	Soil Volumetric Water Content and Soil Temperature 
	Soil Respiration 

	Controlling Factors of RS 
	Ecosystem Flux and Meteorological Variations 
	Relationship between RS to Flux and Biophysical Controls 


	Discussion 
	Interannual and Seasonal Variation of RS along Succession in TDF 
	Responses of RS to Biophysical Controls 
	Relatability of SEM to Assess Cause–Effects on RS 
	Soil Respiration from Tropical Dry Forests in a Global Context 

	Conclusions 
	References

