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Abstract: Tropical forests play an important role in regulating the global climate and the carbon
cycle. With the changing temperature and moisture along the elevation gradient, the Luquillo
Experimental Forest in Northeastern Puerto Rico provides a natural approach to understand tropical
forest ecosystems under climate change. In this study, we conducted a soil translocation experiment
along an elevation gradient with decreasing temperature but increasing moisture to study the impacts
of climate change on soil organic carbon (SOC) and soil respiration. As the results showed, both soil
carbon and the respiration rate were impacted by microclimate changes. The soils translocated from
low elevation to high elevation showed an increased respiration rate with decreased SOC content at
the end of the experiment, which indicated that the increased soil moisture and altered soil microbes
might affect respiration rates. The soils translocated from high elevation to low elevation also showed
an increased respiration rate with reduced SOC at the end of the experiment, indicating that increased
temperature at low elevation enhanced decomposition rates. Temperature and initial soil source
quality impacted soil respiration significantly. With the predicted warming climate in the Caribbean,
these tropical soils at high elevations are at risk of releasing sequestered carbon into the atmosphere.
Keywords: soil respiration; tropical forest; soil translocation experiment; elevation gradient; climate
change

1. Introduction
Soil respiration, defined as CO2 emission from the soil surface through the activities of soil
microbes, plant roots, and other organisms, is one of the major pathways to release carbon fixed by
vegetation into the atmosphere [1,2]. Because the quantity of carbon stored in soils is double that
stored in either the atmosphere or the terrestrial vegetation, soil respiration is a critical component in
the global carbon cycle [1,3]. Tropical biosphere stores 46% of the world’s living terrestrial carbon and
11% of the world’s soil carbon [4] and is sensitive to changes in climate [5–7], therefore, it plays an
important role in global C dynamics [8]. At steady state, the carbon emission from soil, as the second
largest carbon flux between the atmosphere and the terrestrial biomes, can be balanced by CO2 net
uptake by plants (net primary production, NPP) [1,9]. However, any small changes in soil respiration
and carbon caused by climate change could have huge impacts on the global carbon cycle and future
global climate [2,9]. With the ongoing and predicted warming/drought in the tropics [10,11], tropical
ecosystems might change from a C sink to a C source.
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Soil respiration involves the interactions among plant roots, rhizosphere, soil microbes, soil
fauna, and physicochemical conditions [12]. Previous experiments have indicated that changes in
environmental conditions would affect the soil respiration rate and might have a significant impact on
the global carbon cycle [9,13–15]. Soil temperature, moisture, and the carbon substrate available for
microorganisms (which is related to vegetation type) are major factors influencing the soil respiration
rate at a given site [13,16–18].
Temperature is thought to be the primary driver of soil respiration [3,19–21]. Soil respiration
generally increases exponentially with temperature [14,15,22] to maintain the increased metabolism of
plant roots, soil microbes, and soil fauna [23–25]. When temperature reaches a certain maximum point,
most of the enzymatic activity involved in respiration will be inhibited due to enzyme malfunction,
and soil respiration stops increasing [26,27]. The optimal temperature for cryophiles is below 20 ◦ C
whereas that for mesophiles and thermophiles is 20 ◦ C–40 ◦ C and above 40 ◦ C, respectively [28].
Soil moisture is generally considered to positively correlate with soil respiration [14,26]. Soil
respiration, especially root respiration, is relatively low in dry conditions, and increases to a maximum
in intermediate moisture conditions [14,17]. Although some microorganisms develop strategies to
survive and grow under low soil moisture conditions [27,29], water deficiency prevails to limit activities
of soil fauna and microbes. On the other hand, when soil is saturated, oxygen can be limited. Anaerobic
conditions suppress aerobic microbial activities, resulting in limited soil respiration [15,26,27]. Soil
moisture also affects the availability of soil nutrients [27,30]. Some of the nutrients available to plants
and soil microorganisms need to be dissolved in water (e.g., N) [22,31,32]. The influence of soil
moisture on soil respiration varies greatly among ecosystems. Changes in soil moisture can have a
significant influence in semiarid ecosystems [16], but may not significantly alter soil respiration for
humid ecosystems, except during warm and dry seasons [14]. Furthermore, the effects of moisture
combined with temperature were suggested experimentally to be more reliable predictors [9,16,33].
The availability of soil carbon substrates is also an important factor controlling decomposition and
heterotrophic respiration [34–36]. Heterotrophic respiration (i.e., CO2 emissions produced through soil
organic matter (SOM) decomposition), is primarily driven by the activities of soil microorganisms and
soil fauna, and their richness and abundance primarily control the decomposition rate of SOM [23–25].
The spatial distribution of soil microbes is, to a great extent, affected by the availability of carbon
substrates [2,32,35]. Moreover, soil microbes themselves have particular C:N balance needs [35,36].
Therefore, soil carbon substrates can affect soil respiration by controlling the distribution and activities
of soil fauna and microbes.
Soil respiration varies with vegetation types [15,22,37]. Global mean soil respiration rates vary
widely among major vegetation biomes, and the lowest rates occur in tundra and northern bogs,
while the highest rates occur in tropical moist forests [22]. Although the distribution pattern of soil
respiration may be partially affected by temperature and moisture, substrate quality and species
composition of fauna and microbes may differ substantially among vegetation types, and could partly
explain the difference in soil respiration [22,37,38].
Almost all the environmental conditions influencing soil respiration (e.g., forest type, solar
radiation, temperature and moisture, and soil fauna such as earthworms) have distinct elevation
patterns in the Luquillo Experimental Forest (LEF). In general, temperature, plant species richness and
abundance, and NPP decrease with elevation, whereas SOM, soil organic carbon (SOC), precipitation,
and soil moisture increase [39–42]. The number of earthworm species also significantly increased
along the elevation from low to top [43]. The elevation gradient provides a natural in situ simulation of
climate change [14,17,44]. Therefore, studying the variation in soil carbon along an elevation gradient
in LEF is an ideal approach to investigate the impacts of climate change on tropical carbon processes.
This paper describes a soil translocation experiment conducted along the elevation gradient in the
LEF. We hypothesized that (1) soil respiration will increase but SOC will decrease with enhanced soil
temperature and moisture; and (2) soils originated from high elevation with high SOC content will
respire more than those from low elevation under similar climatic conditions. Warming in the tropics
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Figure 1. The soil translocation experiment sites were located along the elevation gradient (350, 600, and
1000 m) within different dominant vegetation types in the Luquillo Experimental Forest, northeastern
Puerto Rico.
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2.2. Soil Translocation Experiment
Nine soil cores were excavated from each site, six of them were translocated to the other two
sites (three for each), and three soil cores remained at the source site but at different places. Before
collecting the samples, all the aboveground litter was removed. The organic-rich soils (0–5 cm) were
collected separately, and later put back on the top of soil cores after reinstallation in the translocated
sites. The soil cores were taken using polyvinyl (PVC) tubes 10 cm in diameter and 15 cm in length.
When excavating the soil cores, the tubes were inserted vertically into the subsoil to take an intact soil
monolith with a depth of 15 cm. When soil cores were reinstalled, the soils were kept intact in the
tubes and separated from the surrounding soils. The bottom of the coring tube was covered with iron
mesh (63-µm) to further prevent large roots from growing and to balance the effects of temperature
and moisture in the soil within and outside the tubes.
In each of the three soil translocation sites, one soil temperature and one moisture probe were
installed at both surface and 15 cm in-depth in an undisturbed place and connected to a data logger
(HOBO® Micro station, ONSET Computer Corporation, Bourne, MA, USA). Soil temperature and
moisture were recorded every 30 min from July 2011 to March 2012. Due to a battery failure, data
were missing for the site at 600 m in November 2011 and February–March 2012, and the site at 1000
m in November 2011 and March 2012. Temperature measurements at the 1000-m site in December
2011–March 2012 were recalibrated using a mobile temperature probe because of a disturbance to
the installed probe in December 2011. The automatically measured soil temperature and moisture
were only used to display the naturally occurred gradients in temperature and moisture along the
elevation gradient.
Soil respiration rates (Rs) were measured monthly with a portable InfraRed Gas Analyzer (EMG4,
PP Systems, Amesbury, MA, USA), with a cylindrical cuvette (CPY-2) inserted in soil cores. The
soil respiration fluxes were recorded for 2–3 min after the CO2 concentration in the closed chamber
increased steadily. The real-time temperature and moisture for both soil and air were measured with
external sensors or a thermometer. All the measurements were repeated three times.
At the end of the soil translocation experiment in May 2012, the SOC and SOM contents of all the
soil cores translocated were measured at the International Institute of Tropical Forestry (IITF) of USDA
Forest Service Chemistry Laboratory. The soil samples were oven dried to constant mass at 50 ◦ C, and
then ground and passed through a 20 mesh sieve (size of 0.84 mm) to screen coarse root detritus and
other organic materials. SOC was determined using the LECO TruSpec CN Analyzer (LECO® , LECO
Corporation, Saint Joseph, MI, USA). There are no carbonates found in these soils. Total carbon (TC) is
equal to total organic carbon. Soil organic matter (SOM) was estimated using loss on ignition (LOI).
LOI was determined using the LECO TGA-701 Analyzer at 490 ◦ C for two hours (or until constant
weight is reached at less than 2.5% variability) in an oxygen saturated environment. Soil total nitrogen
content was determined using the LECO CN Analyzer.
2.3. Statistical Analyses
To test our hypotheses of impacts of soil source quality, translocation, and associated climate shift
on soil respiration, we applied paired-t, ANOVA, and linear mixed-effects models on the measured
soil respiration rates. Soil respiration rates were examined for normality (Shapiro–Wilk normality test),
and log transformation was performed if needed. Multiple paired-t was used to test the impacts of
soil source quality, such as SOC and SOM contents, on Rs. For example, in order to compare the Rs of
the soils originating from 350 m with those from 1000 m, we took the paired Rs of R350,350 ~R1000,350 ,
R350,600 ~R1000,600 and R350,1000 ~R1000,1000 , for which the first subscript indicates the soil source and the
second subscript is for the translocated site. By pairing the Rs of soils originating from two different
sites but translocated at the same sites, we virtually excluded the impacts of microclimate. ANOVA
was applied to test the impacts of translocation site on soil respiration. We also used t-tests to compare
the respirations of the soils with the same source but translocated to different elevations. The linear
mixed-effects model was finally used as a synthetic analysis to test the impacts of translocated sites
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Soil organic carbon, organic matter, total nitrogen, and C:N all increased with elevation (Figure 3),
which conformed with other altitudinal studies involving naturally occurring gradients of decreasing
temperature but increasing moisture [49]. Compared to the content before translocation, SOC increased
slightly at the end of the experiment, which might be caused by the degradation of dead roots and litter
in the soil cores. With the same source location, the changes in SOC after the translocation experiment
followed the patterns of Rs. The greater the Rs at the translocated site, the greater the decrease in
soil carbon.
Increasing SOC, SOM, and C:N along the altitudinal gradient (Figure 3) also implied improved
substrate quantity/quality for soil respiration. By virtually excluding the effects of microclimate
using the paired-t test, our study highlights that soil source has significant impacts on soil respiration.
The soils originating from high elevation with high SOC, SOM, and C:N had a much larger respiration
rate than those originating from low elevation with low SOC, SOM, and C:N. The results support our
hypothesis on the important role of soil substrate in decomposition.
In addition to soil substrates, difference in microenvironment at the translocated sites along the
elevation gradient could also differentiate the soil respiration. Our analysis on Rs via linear mixed
effects models revealed that translocation significantly impacted soil respiration (Table 1). As one
important factor influencing carbon processes, temperature is considered to have positive effects on
SOM decomposition and soil respiration rates [33,50,51]. Our experiment supported the hypothesis
of positive temperature effect on soil respiration. Soils translocated to the lowest site, thus with the
highest temperature, had a higher mean respiration rate than those translocated to the middle and
the highest elevations. This is particularly prominent for the soils originating from high elevation,
thus having high SOC, SOM, and C:N (right columns in Figure 4 with soils from 1000 m). The linear
mixed-effects model result confirmed a significantly positive effect of temperature on Rs (Table 1). Our
estimated Q10 values also revealed high Rs sensitivity to the temperature of these soils, i.e., 3.1, 6.9,
and 8.7 at 350, 600, and 1000 m, respectively.
However, environmental controls on soil carbon processes are complex. Temperature alone could
not explain the pattern of soil respiration rates in LEF as signaled by the increases in Rs of the soils
from 350 m but translocated to 1000 m with lowered temperature (left columns in Figure 4). Although
not significant, the effect of soil moisture on Rs is indicated as being positive (Table 1). Soil moisture
increases with elevation and reaches the highest at 1000 m (Figure 2), which might stimulate the
decomposition rate during the dry season as mentioned above. Existing studies also suggested the
effects of soil fauna and microbial biomass on Rs, and showed that soil fauna and microbes varied
with microclimate conditions, soil properties (e.g., clay), and vegetation [34,52–54]. The soil fauna
and microbes from high elevation might prefer the SOC and SOM with lower C:N originating from
low elevation [26] and thus accelerate the decomposition. Particularly, soil microbial mass positively
relates to SOM [34,52]. Since SOM increases with elevation in LEF (Figure 3), soil microbial mass
might also increase along the elevation from low to top in LEF. Therefore, the increased Rs of the soils
translocated from low elevation to high elevation might be related to the fact that the positive impacts
of soil moisture, specific microbes, and microbial biomass at high elevation outweighed the limitation
of decreased temperature.
Our conclusions of complex environmental controls on soil respiration along an elevation gradient
are consistent with others. Kane et al. (2003) measured soil respiration rates along a gradient in the
Olympic National Park, Washington, USA, where soil temperature at a high elevation site was 4.5 ◦ C
lower than that at low elevation. However, there was no significant relation detected between soil
respiration and temperature [14]. Similarly, in a study on climate dependence of heterotrophic soil
respiration along a 3000-m elevation gradient in a tropical forest in Peru, Zimmermann et al. (2009)
also concluded that the soil respiration rate did not vary significantly along the elevation gradient with
decreasing temperature, although SOC stocks increased linearly with increased elevation [17].
The ecosystem carbon balance primarily depends on the differences between the responses of
productivity and those of respiration to climate change, especially warming [51,55,56]. Existing
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studies found resource quality could significantly affect the temperature sensitivity of SOM
decomposition [26,57]. The labile SOM is sensitive to climate change and generally decomposes
rapidly, which can largely contribute to increases in soil CO2 fluxes [58,59]. Our estimated Q10
values, a widely-used parameter to describe the temperature sensitivity of soil C, increased with
elevation. The Q10 value at high elevation, with low temperature, high moisture, SOC, SOM, and C:N,
is more than double that at low elevation. Therefore, understanding the environment controls on the
temperature sensitivity of soil respiration is critical to predict the responses of carbon processes to
climate change [50,58,60–62].
With the ongoing and predicted warming climate in the Caribbean region [11], tropical soils
are at severe risk of releasing large amounts of CO2 into the atmosphere. Our soil translocation
experiment improved the understanding of the impacts of environmental conditions on soil carbon
processes by highlighting the significant effects of soil source and temperature, the nonsignificant
positive effect of moisture, and overall complex environmental controls along the altitudinal gradient.
Further long-term and multi-factor soil translocation experiments at the ecosystem level, incorporating,
additionally, soil microbes, fauna, and litter inputs, should be established to study the impacts of
climate change on tropical soil carbon balance, as well as their feedback to the climate.
5. Conclusions
Tropical forests play important roles in the interactions between terrestrial ecosystems and the
global climate system, and have the potential to change from a C sink to a C source under climate
change. Soil translocation experiments along the altitudinal gradient provide an approach to assess the
impacts of climate change on soil C dynamics. Our soil translocation experiment at tropical forests in
northeastern Puerto Rico showed that both soil C and soil respiration rates were altered by variations
in temperature, moisture, and initial soil organic C. When soils were translocated to a lower elevation,
the increased temperature enhanced soil respiration and therefore less soil organic C was left at the
end of the experiment. Such an effect is more significant for those soils with an initial high content of
soil organic C, i.e., soils originating from high elevations. On the other hand, soil respiration could
also be enhanced when soils were translocated to higher elevation due to altered moisture conditions
and soil microbes. Further comprehensive studies involving soil microbial composition and biomass
and the quality of C substrates would improve the mechanistic understanding of soil respiration in
response to climate change, and advance the earth system modeling.
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