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The temperature sensitivity of soil organic matter (SOM) decomposition in tropical forests will influence future climate. Studies of a 3.5-kilometer 
elevation gradient in the Peruvian Andes, including short-term translocation experiments and the examination of the long-term adaptation 
of biota to local thermal and edaphic conditions, have revealed several factors that may regulate this sensitivity. Collectively this work suggests 
that, in the absence of a moisture constraint, the temperature sensitivity of decomposition is regulated by the chemical composition of plant 
debris (litter) and both the physical and chemical composition of preexisting SOM: higher temperature sensitivities are found in litter or SOM 
that is more chemically complex and in SOM that is less occluded within aggregates. In addition, the temperature sensitivity of SOM in tropical 
montane forests may be larger than previously recognized because of the presence of “cold-adapted” and nitrogen-limited microbial decomposers 
and the possible future alterations in plant and microbial communities associated with warming. Studies along elevation transects, such as those 
reviewed here, can reveal factors that will regulate the temperature sensitivity of SOM. They can also complement and guide in situ soil-warming 
experiments, which will be needed to understand how this vulnerability to temperature may be mediated by altered plant productivity under 
future climatic change.
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The response of soil carbon to future temperature   
 change will influence atmospheric composition and cli-

mate (Davidson and Janssens 2006, Conant et al. 2011), but 
the direction and magnitude of the resulting climate feedback 
remain unclear (IPCC 2013, Wieder et al. 2013). This is espe-
cially so for tropical forests, which constitute a disproportion-
ately large component of the global carbon cycle, exchanging 
more carbon dioxide (CO2) with the atmosphere than any 
other ecosystem and accounting for over two-thirds of terres-
trial plant biomass (Pan et al. 2011) and a third of global soil 
carbon (Jobbagy and Jackson 2000). But the future carbon 
cycle of tropical forests, for which in situ temperature mani
pulation experiments have not been conducted (Cavaleri 
et  al. 2015), remains an important source of uncertainty in 
climate model projections (Cox et al. 2013).

The tropics are predicted to experience novel heat regimes 
with a warming of 1.8 to 5.0 degrees Celsius (°C) over this 
century, resulting in average temperatures under which no 

closed canopy forest exists today (Wright et al. 2009, IPCC 
2013). Earth system models currently predict that this 
warming will increase microbial mineralization of stable soil 
organic matter (SOM), resulting in a net release of carbon 
from soil into the atmosphere (Davidson and Janssens 2006, 
Wieder et al. 2013). Even a small fractional release of total 
soil carbon will have a significant impact on the concentra-
tion of atmospheric CO2, because carbon storage in soils is 
three times greater than in the atmosphere and four times 
greater than in vegetation (Jobbagy and Jackson 2000).

Predictions about the future of tropical soil carbon remain 
uncertain, not only because no soil-warming experiments 
have been conducted in tropical forests (Cavaleri et  al. 
2015), but also because we still lack a general understanding 
of the complex direct and indirect factors that determine 
the long-term sensitivity of soil-carbon loss under elevated 
temperature. Short-term soil-warming experiments have 
consistently reported the loss of soil carbon as respired CO2 
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(Melillo et al. 2002, Craine et al. 2010), typically explained 
by kinetic theory as pertaining to increased reaction rates 
under warmer temperatures (box 1). Long-term warming 
studies, however, report more complex outcomes, including 
declining rates of soil-respired CO2 with time (Melillo et al. 
2011). This long-term response of soil carbon to warming 
may be influenced by several indirect and confounding fac-
tors, including plant–soil feedback, the altered availability 
of nutrients and labile carbon (Melillo et al. 2011), and the 
thermal adaptation of microbial community composition 
and/or activity (Wieder et  al. 2013). What is clear from 
these studies is that the response of soil carbon to future 
climate will be more complex than the response predicted 
by contemporary Earth system models, in which the major 
constraints are typically temperature and soil moisture, fol-
lowing first-order kinetics (Todd-Brown et al. 2012).

Studies of elevation gradients can provide insight into the 
impact of temperature change on soil-carbon cycling that 
is unattainable by conventional manipulation experiments 
(box 2; González et  al. 2013, Sundqvist et  al. 2013). This 
is because translocation experiments can be used to study 
the direct influence of temperature on specific short-term 
processes, such as decomposition (Couteaux et  al. 2002, 
Salinas et al. 2011), whereas observational studies can help 
researchers examine the long-term adaptation of organisms 

and processes, such as plant primary productivity (Kitayama 
and Aiba 2002, Girardin et  al. 2010) and the community 
composition of biota (Fierer et  al. 2011, Wagai et  al. 2011, 
Rapp et  al. 2012). In contrast to latitudinal gradients, wet 
tropical elevation gradients have the advantage of not expe-
riencing a dormant (winter) season, which can confound 
studies of temperature effects. However, elevation gradients 
can only help us to understand the temperature responses of 
ecosystem processes if we carefully consider the confound-
ing influence of other indirect factors that can covary with 
elevation and temperature, including rainfall, lithology, 
fertility, and the community composition of plant and soil 
biota (Körner 2007).

Here, we draw on findings from a 3.5-kilometer eleva-
tion gradient of contiguous tropical forest in the Peruvian 
Amazon–Andes, the Kosñipata transect, to probe the 
complex direct and indirect effects of climate warming 
on soil-carbon cycling in tropical forests (box 2, figure 1). 
The Kosñipata transect is unusual in enabling the detailed 
study of multiple covarying factors, because it consists of 
a large network of long-term study sites of tropical forest 
and grassland, spanning a 20°C mean annual temperature 
gradient (table 1; Malhi et  al. 2010). In this synthesis, we 
use findings from translocation experiments to examine 
the direct effect of warming on decomposition processes. 

Box 1.  The temperature sensitivity of soil organic matter cycling: “Intrinsic” and “apparent” sensitivity.

Soil organic matter (SOM) accumulates during the decomposition of recently dead plant and animal biomass, and its stability is deter-
mined by the balance between plant-derived carbon inputs (leaf litter, woody debris, root turnover, and exudation) and losses through 
the metabolism and respiration of soil heterotrophs and the leaching of dissolved and particulate organic matter. The biochemical 
processes that determine this balance are all subject to the first law of thermodynamics, which states that increases in temperature 
(but below the limit at which proteins denature) will result in increased reaction rates. Plants are able to “acclimate” and respond to 
increased temperature by adjusting their rates of biochemical reactions (Ghannoum and Way 2011). The capacity for soil microorgan-
isms to either acclimate (a direct physiological response) or ‘adapt’ (a more integrative term to capture physiological or biochemical 
responses across multiple-generations) to increased temperature is poorly understood (Bradford 2013, Wieder et al. 2013), but it is 
widely assumed that increased temperatures will result in the accelerated microbial mineralization of SOM, resulting in a positive 
forcing on atmospheric carbon dioxide (CO2) and climate (Davidson and Janssens 2006).
The Q10 value is central to the study of the temperature sensitivity of SOM and is defined as the factor by which a reaction increases 
with a 10 degrees Celsius (°C) rise in temperature. The intrinsic Q10 values of different reactions can differ widely, according to differ-
ences in the activation energy required to trigger chemical reactions, following the Arrhenius equation: K = a exp (–Ea/KT), in which 
K is the reaction rate constant, a is a preexponential factor, R is the universal gas constant, Ea is the activation energy, and T is the tem-
perature in Kelvin (K). The Arrhenius equation predicts a Q10 of 2 for intermediate activation energies of approximately 50 kilojoules 
per mole at typical ambient temperatures of 273–303 K (Davidson and Janssens 2006). It also makes two further important predictions, 
given that the activation energies of different chemical reactions and ambient temperatures may vary: First, the Q10 of chemical reac-
tions decreases with increasing temperature, because molecules become more dispersed and the frequency of interactions between 
them decreases. Second, it predicts that less reactive and more chemically recalcitrant molecules with greater activation energies have 
greater temperature sensitivity. This kinetic theory of chemical reactions frames the study of temperature effects on soil carbon and is 
now supported by substantial experimental evidence (Craine et al. 2010, Conant et al. 2011).
The complex interactions that govern SOM cycling are subject to kinetic theory, but the experimentally observed Q10 values are often 
better defined as apparent rather than intrinsic Q10 values, because they are generally confounded by parallel temperature effects on 
other interacting soil processes. The temperature sensitivity of SOM breakdown is influenced by the chemical protection of the organic 
matter (adsorption to mineral surfaces), by the physical protection of organic matter within soil aggregates, by microbial communities 
(Ostle and Ward 2012), by moisture availability, and by substrate availability (Conant et al. 2011, Billings and Ballantyne 2012). Each 
of these factors can also be affected by temperature change, enhancing or inhibiting organic matter cycling. The determination of soil-
carbon vulnerability to temperature change therefore requires an understanding of the parallel responses of these interacting factors.
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However, the long-term response of soil carbon to warming 
will be constrained by several indirect factors. We consider 
this by examining the interacting influences of covarying 
factors along the Kosñipata transect, which can be sum-
marized according to the fundamental soil forming factors, 
plant and microbial communities, and nutrient constraints 
to their metabolism ( 2). By examining the findings from 

the Kosñipata transect in the context of 
studies elsewhere, we identify the broad 
range of driving mechanisms likely to 
determine the tropical forest carbon bal-
ance under future warming.

Temperature as a direct driver of 
decomposition in tropical forests
Temperature directly affects the rate of 
organic matter decomposition through 
its influence on biochemical reaction 
rates and the activity of the soil microbial 
community. However, the nature of the 
relationship between climate warming and 
decomposition remains unresolved. Much 
of the research on warming effects on SOM 
has focused on laboratory incubations with 
a smaller number of field warming experi-
ments and cross-site studies conducted 
in temperate forests and grasslands, in 
which the respiratory response of decom-
posers to warming was measured (Conant 
et al. 2011). The temperature sensitivity of 
decomposition processes is often quanti-
fied using “Q10” values, which are defined 
as the factor by which a reaction rate 
increases with a 10°C rise in tempera-
ture (box 1). Comparisons of temperature 
sensitivities (Q10 values) from these stud-
ies may be misleading, however, because 
the values usually define an apparent 
Q10 resulting from complex interacting 
processes that differ among studies but 
do not define the intrinsic Q10 of the indi-
vidual processes (box 1). In order to accu-
rately model the temperature sensitivity 
of decomposition in different ecosystems, 
we need to understand how these intrinsic 
Q10 values give rise to the apparent Q10 of 
decomposition (Billings and Ballantyne 
2012). Translocation experiments and 
observations along the Kosñipata tran-
sect have addressed this knowledge gap, 
demonstrating how the intrinsic temper-
ature sensitivities of multiple ecosystem 
processes collectively determine the overall 
apparent temperature sensitivity of organic 
matter decomposition.

Translocation experiments.  A common approach to quantifying 
the thermal vulnerability of soil carbon is to determine how 
experimental warming alters the temperature sensitivity 
of gross soil processes, such as rates of decomposition and 
respiration. The temperature sensitivity of these processes 
has been determined in the Kosñipata study by using 
manipulation experiments (table 3), in which organic matter 

Figure 1. The Kosñipata elevation transect, Manu National Park, Peru. Images 
show (a) the highest- (3644 meters above sea level, m asl) and lowest-elevation 
(194 m asl) sites; (b) all sites from 3644 m asl to 1500 m asl viewed facing 
approximately northeast from the top of the transect; (c) a photograph of the 
transect of the same view as shown in 1B. Abbreviation: km, kilometers.
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2010) and the biochemical mechanisms of decomposition 
(soil enzymes).

Temperature sensitivity of decomposition: Plant debris, soil organic 
matter, and enzyme activities.  Organic matter translocation 
studies along the Kosñipata transect support predictions 
from kinetic theory by showing that the Q10 of decomposition 
is larger for organic matter compounds of greater chemical 
complexity, such as those containing a higher proportion of 
lignin, when compared with more simple compounds con-
taining a higher proportion of cellulose (table 3; Salinas et al. 
2011). Similar results have been observed in warming exper-
iments performed outside the tropics (Hartley and Ineson 
2008, Craine et al. 2010, Conant et al. 2011). In a study span-
ning 2800 m of the transect and focusing on 15 tree species, 
the average Q10 of decomposition was 3.1 for leaf litter, in 
contrast to 4.0 for fine wood debris, with woody matter con-
taining a greater proportion of complex carbon compounds 
than leaf litter (table  3; Salinas et  al. 2011). Furthermore, 
these mean Q10 values obscured significant interspecies 
variation: Sevenfold and twofold differences were observed 
in litter and wood decomposition rates, respectively, and 
this variance was not correlated with carbon to nitrogen 

was translocated among sites spanning a 3400-meter (m) 
elevation and 20°C mean annual temperature difference and 
the temperature sensitivity of decomposition and respira-
tion rates were measured. This approach has been applied 
to leaf litter (Salinas et al. 2011) and fine wood (Meier et al. 
2010)—the major sources of plant-derived carbon input 
to soil—and to the major store of soil carbon held in SOM 
(table 3; Zimmermann et al. 2009). Plant litter was translo-
cated within mesh bags (Salinas et al. 2011), whereas SOM 
was translocated as 50-centimeter–deep soil monoliths 
(Zimmermann et al. 2009). In the plant–litter translocation 
experiments, the elevation-related temperature difference 
was the major treatment, with an interaction with rainfall 
and soil nutrients (Salinas et al. 2011). For the SOM translo-
cation experiment, the temperature difference alone was the 
major treatment, because rainfall inputs were controlled and 
new inputs of litter and root-derived organic matter were 
excluded using protective mesh (Zimmermann et al. 2009). 
These studies, which estimated the overall temperature sen-
sitivity of major decomposition processes (mass loss, chemi-
cal alteration, and respiration rates) for the major carbon 
pools (litter, wood, and soil), were complemented by studies 
of the temperature sensitivity of fungal growth (Meier et al. 

Box 2. Elevation gradients for studying ecosystem processes.

The value of elevation gradients in plant ecology and biogeography has long been recognized (von Humboldt and Bonpland 1805). 
Elevation gradients have traditionally been used to study the distribution of plants and animals along climatic zones, demonstrating 
how environmental factors drive speciation and result in patterns of plant diversity (Whittaker and Niering 1965). More recently, 
given the growing concerns of the effects that climatic change may have on ecosystem processes, elevation gradients have come to be 
used as powerful “natural experiments” to test theories on how ecosystems may respond and feedback to climatic change (Colwell 
et al. 2008, Malhi et al. 2010). Elevation gradients can indeed provide insight into this climate-change feedback, but only with careful 
consideration of other climatic and edaphic properties that often covary with elevation, including precipitation, radiation, soil parent 
material, fertility, and land use (Körner 2007). These properties can be summarized by the five soil forming factors plus disturbance 
history (table 1).
The Kosñipata elevation transect is situated in southeastern Peru, in the upper Madre de Dios/Madeira watershed (figure 1). It lies on 
the eastern flank of the Andes mountain range, spanning 4 kilometers in elevation, and is on the boundary of Manu National Park, 
a recognized global biodiversity hotspot. Research is being performed along this transect by the Andes Biodiversity and Ecosystem 
Group (http://andesconservation.org), with the primary goal to understand ecosystem ecology and biodiversity and their responses to 
past and future climate change (Malhi et al. 2010). The permanent sampling plots span a zone of continuous forest cover from the 
lowland Amazon rainforest to the upper montane cloud forest. The timberline ranges between 3100 and 3700 meters above sea level 
(m asl), above which there is grassland. The elevation gradient provides particular insight into the influence of temperature on eco-
system processes because the mean annual temperature strongly decreases with increasing elevation (from 26 degrees Celsius, °C, at 
194 m asl to 6°C at 3700 m asl), but the mean annual precipitation does not vary consistently with elevation, and soil moisture content 
remains quite high at all elevations (table 2; Rapp and Silman 2012). The evaluation of temperature effects independent of precipitation 
is important, because temperature and moisture are often the two key variables in soil-carbon models (Todd-Brown et al. 2012). Soil 
pH does not vary along the gradient, enabling evaluation of the soil microbial community composition and resource availability inde-
pendent of soil pH, which is one of the primary soil properties influencing soil microbial communities (Fierer et al. 2011). However, 
with increased elevation, there is a marked increase in soil organic carbon contents (figure 2a) and the depth of the organic horizon 
(Girardin et al. 2010, Zimmermann et al. 2012), a common observation along elevation gradients (Moser et al. 2011). In addition, 
there are changes in soil nutrients with elevation (figure 2a). Soils are Inceptisols throughout the gradient except for the lowest site 
on Ultisols and are situated predominantly on Paleozoic metasedimentary mudstones but with granite intrusions underlying the sites 
between 1500 and 2020 m asl. The Kosñipata transect therefore allows investigation into the role of temperature—and the interact-
ing influence of other covarying edaphic factors (table 1)—in regulating the biogeochemical processes that determine organic matter 
decomposition. The differences in soil (Quesada et al. 2010, Zimmermann et al. 2012), plant communities (Girardin et al. 2010, Feeley 
et al. 2011), and soil microbial communities (Fierer et al. 2011, Whitaker et al. 2014b) are described in detail elsewhere.
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ratios. This suggests greater chemical variation in leaf lit-
ter compared with fine wood debris, and that interspecific 
variation in carbon chemistry (e.g., abundance or structure 
of lignin) is a dominant control on decomposition rates. The 
Q10 for fine wood (4.0), which is predominantly composed 
of lignocellulose, and is decomposed by fungi (table 3) was 

consistent with the Q10 of fungal growth 
(Q10 = 3.9), which was estimated sepa-
rately, on the basis of the accumulation 
of ergosterol (a sterol found only in 
fungal cell membranes) on a common 
wood substrate placed along the transect 
(Meier et al. 2010).

The SOM translocation studies along 
the transect have revealed patterns con-
sistent with kinetic theory and have 
also indicated a role of physical soil 
properties in constraining the tempera-
ture sensitivity of SOM decomposition. 
Significant warming-induced losses of 
soil carbon were observed in this experi-
ment: Following 2 years of warming by 
approximately 5.5°C (translocation of 
soil from 1000 m to 210 m), the rates of 
carbon loss as respired CO2 increased 
by 31.5 % (Zimmermann et  al. 2010, 
2012). These losses were found to origi-
nate from more labile carbon stores, 
because the relative abundance of recent 
plant-derived compounds (e.g., O-alkyl) 
decreased and the relative abundance of 
more recalcitrant compounds (e.g., alkyl) 
increased over time (Zimmermann 
et  al. 2012). Concurrent with this was 
an increase in the Q10 values of SOM 
decomposition (Zimmermann et  al. 
2012), further supporting the prediction 
from kinetic theory of higher Q10 values 
for more chemically complex carbon. 
Similar increases with time for Q10 val-
ues of SOM decomposition have been 
reported for soil incubation experiments 
in temperate grassland (Conant et  al. 
2008), elevation gradients in Australian 
tropical forest (Zimmermann and Bird 
2012), and Chinese subtropical forest 
(Xu et al. 2010). Although the Q10 of res-
piration increased at each site following 
extended periods of incubation (con-
sistent with the decreasing availability 
of simple carbon substrates), the Q10 of 
SOM decomposition over 2 years follow-
ing translocation was not correlated with 
the molecular composition of residual 
SOM (determined using 13C nuclear 
magnetic resonance) but it was strongly 

correlated with the relative abundance of carbon in physi-
cally unprotected particulate SOM (figure 2; Zimmermann 
et al. 2012). Therefore, although short-term soil respiration 
responses were consistent with kinetic theory, in the longer 
term, soil aggregation was shown to be an overriding con-
straint on SOM decomposition. These results demonstrate 

Figure 2. Carbon stocks (a) and available nutrients (b) in tropical forest soils 
along the Kosñipata transect. Data were determined from five samples within 
1-hectare plots at each elevation. Carbon in the organic horizon (ranging from 
1 to 23 centimeters in depth) and mineral horizons was determined to a 50-cm 
depth from the soil surface and is presented on an area basis. Mineralized 
nitrogen and resin-extractable phosphorus were determined to a 10-cm depth 
from the soil surface using in situ resin bags. Nutrient data are log-transformed 
to more clearly show elevation transitions (Nottingham et al. 2015b). The error 
bars represent one standard error. Abbreviations: kg, kilograms; m2, square 
meter; m asl, meters above sea level; mg, miligram.
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how a simple application of kinetic theory to SOM decom-
position is complicated by soil physical properties.

Microorganisms produce extracellular enzymes to cata-
lyze the depolymerization of organic matter in soil, so the 
study of enzymatic activity provides insight into the pro-
cesses of decomposition that together contribute substan-
tially to net soil respiration fluxes and their responses to 
changes in temperature or substrate availability (Billings and 
Ballantyne 2012). As with the gross processes of decomposi-
tion and respiration, kinetic theory predicts that enzymes 
may have intrinsic temperature sensitivities that increase 
with the complexity of the target substrate, given that the 
activation energy required in degrading an organic mol-
ecule applies to both the depolymerization reaction and the 
enzyme that catalyzes it (box 1). Few measurements of soil 
enzyme activity have been reported for tropical forests to test 
this theoretical prediction. For the Kosnipata transect, most 
but not all of the extracellular enzymes showed temperature-
response behavior consistent with theory (table 3). Although 
a relatively narrow range of values for Q10 of enzyme 
activities was observed among enzyme classes and eleva-
tions (Q10 = 1.4–2.6), which are similar to values for other 
ecosystems (Wallenstein et  al. 2011), there were notable 
differences among enzyme classes. Greater temperature sen-
sitivities were recorded for cellobiohydrolase and xylanase 

(which catalyze the hydrolysis of intermediate-complexity 
carbohydrates such as cellulose and hemicellulose, respec-
tively), compared with β-glucosidase (which catalyzes the 
hydrolysis of simple bonds between glucose molecules). 
However, the activity of phenol oxidase, which catalyzes the 
oxidation of complex phenolic compounds, had the lowest 
temperature sensitivity of all enzymes tested (Q10 = 1.4). 
Therefore, although the majority of enzymes tested had Q10 
values consistent with kinetic theory, it seems that chemi-
cal or physical stabilization of the relatively large polymers 
abundant in phenolic compounds, such as in lignin, prevents 
a simple application of this rule, even when decomposition 
processes are considered at the biochemical level. Indeed, 
this same caveat of protection was also found to apply when 
interpreting the temperature response of gross respiration 
fluxes from the translocated SOM monoliths at different 
elevations (Zimmermann et al. 2012).

The SOM translocation studies also demonstrated the 
potential for estimates of apparent Q10 values to be con-
founded by substrate availability (Davidson et  al. 2006). 
The apparent Q10 values of total soil respiration, in which 
substrate supply was uncontrolled, were high and variable 
(2.1 to 6.9). In contrast, the Q10 values of heterotrophic 
respiration alone, in which substrate supply was controlled 
by excluding litter inputs, were relatively low (1.2 to 2.5; 

Table 1. A summary of site characteristics and soil chemical and physical properties along the elevation gradient.

Total nitrogen
(%)

Total 
phosphorus

(mg per 
gram)

Leaf litter 
C:N

Vegetation 
type

Elevation
(m asl)

Mean 
annual 

air temp 
(°C)

Mean annual 
precipitation 

(mm per 
year)

Soil organic 
horizon 

depth (cm)
Mean 
(M)

Standard 
error 
(SE) M SE

Soil 
pH M SE

Relative 
recalcitrance 

of soil C

Lowland 
rainforest

194 26.4 2730 1 0.35 0.03 0.49 0.07 3.7 NA 0.91

210 26.4 3199 2 0.23 0.03 0.18 0.03 4.0 29.9 7.7 NA

Premontane 
rainforest

1000 20.7 3087 4 1.34 0.12 0.73 0.05 4.7 23.7 1.9 0.53

Lower 
montane 
cloud-forest

1500 17.4 2631 16 0.91 0.12 1.36 0.37 3.5 29.1 5.3 0.58

1750 15.8 2631 10 1.56 0.50 1.44 0.09 3.6 NA NA

1850 16.0 2472 16 1.86 0.24 0.76 0.06 3.5 NA NA

2020 14.9 1827 17 2.00 0.24 0.71 0.10 3.4 NA NA

Upper 
montane 
cloud-forest

2520 12.1 NA 14 1.73 0.34 0.98 0.14 3.7 NA NA

2720 11.1 2318 21 1.64 0.25 0.87 0.19 3.6 39.6 2.3 NA

3020 9.5 1776 17 1.57 0.21 0.92 0.13 3.4 NA NA

3025 11.1 1706 23 2.39 0.12 1.09 0.08 3.5 71.5 19.2 0.52

3200 8.9 NA 12 2.42 0.20 0.91 0.02 3.5 NA NA

3400 7.7 2555 14 2.49 0.17 1.09 0.09 3.4 NA NA

Grassland 3644 6.5 NA 4 1.44 0.07 0.92 0.13 3.4 NA NA

Note: Leaf-litter carbon-to-nitrogen ratios (C:N) are the average of three dominant species for respective plots (Salinas et al. 2011). Total nitrogen 
and phosphorus were determined for surface soil (0–10 centimeters, cm, in depth). Soil pH was measured in water. The relative recalcitrance of 
soil carbon is the ratio of the proportion of total soil carbon in recalcitrant carbon divided by the proportion in recent plant-derived carbon within 
surface mineral soils as determined by nuclear magnetic resonance (percentage of carbon in groups: alkyl/O-alkyl; Zimmermann et al. 2012).  
n = 5. Abbreviations: °C, degrees Celsius; cm, centimeters; m asl, meters above sea level; mg, milligrams; mm, millimeters; NA, data not 
available (Girardin et al. 2010, Rapp and Silman 2012, Whitaker et al. 2014b).
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Zimmermann et  al. 2010) and similar to the Q10 values 
of enzymatic activity (1.4 to 2.6; table 3). The Kosñipata 
transect therefore demonstrates how apparent Q10 values 
of SOM decomposition in natural ecosystems are the sum 
of multiple interacting properties, including an important 
role for substrate availability as determined by the activity 
and composition of plant and microbial communities, each 
with their own intrinsic temperature sensitivity (figure 3).

In summary, the experiments and observational studies 
from the Kosñipata transect broadly support the kinetic 
theory–based prediction of higher temperature sensitiv-
ity for more chemically complex soil-carbon compounds, 
with consistency in data sets spanning different types of 
litter and SOM and a range of extracellular enzymes. This 
overall finding indicates a higher temperature sensitiv-
ity for the more chemically complex soil carbon found 
in lowland forest soils (table 1), although the absolute 
amount of soil carbon is greater at higher elevation (fig-
ure 4a). However, studies from the Kosñipata transect also 
identified important exceptions to simple theory-based 

predictions, because of the protection of soil carbon 
from microbial and enzymatic access in soil aggregates. 
We note that similar effects on Q10 from chemical or 
physical protection of SOM may also occur in mineral 
soils in the tropics given the recently observed cor-
relation of carbon stabilization with aluminium min-
erals along an elevation gradient in Hawaii (Giardina 
et  al. 2014). These factors are likely to influence carbon 
losses under warming in lowland tropical soils that are 
strongly aggregated and abundant in stabilizing minerals  
(Quesada et al. 2010).

Temperature as an indirect driver of decomposition: 
Confounding interactions
Notwithstanding the uncertainties discussed above, kinetic 
theory does provide reasonably accurate predictions of the 
short-term response of soil carbon to warming (Craine et al. 
2010, Zimmermann et  al. 2012). However, the long-term 
response is also influenced by several indirect and confound-
ing factors, which differ across landscapes and may change 

Table 2. How the five soil-forming factors (climate, vegetation, topography, parent material, and time) and disturbance 
history vary along the Kosñipata transect and how they are hypothesized to interact with warming to influence soil-
carbon (C) storage.

Factor

Variation with increasing 
elevation along the Kosñipata 
transect Reference 

Warming 
Interaction Hypothesised SOM interactions

Climate

  Temperature Linear decrease (table 2) Rapp and Silman 2012 Direct Losses following kinetic theory 
but confounding interactions with 
soil properties, vegetation, rainfall 
(see below) and potential for microbial 
adaptation to temperature change

  Rainfall Nonlinear (table 2) Girardin et al. 2010;  
Rapp and Silman 2012

Strong effect, 
non-linear 
and regional

Effects on soil oxygen, substrate 
availability to microbes and plant 
production. Effects on nutrient status 
through soil weathering and leaching.

Vegetation Transition in plant communities 
Productivity decreases
Diversity decreases
Associated transition in soil microbial 
communities (especially rhizosphere 
and potentially mycorrhizal)

Girardin et al. 2010  
Rapp et al. 2012
Whitaker et al. 2014b 
Fierer et al. 2011

Strong 
effect on 
productivity 
and 
community 
composition

Stimulated productivity (while below 
thermal limit) and up-slope migration. 
Up-slope movement of cloud base may 
increase radiation and plant productivity. 
Associated shift in belowground 
communities. Increased quantity but 
lower quality of C input to soil.

Topography Steeper slopes at mid–high elevation Whitaker et al. 2014b Weak effect 
via altered 
rainfall

Climate changes may affect soil 
moisture and landslide activity (affecting 
exposure and weathering of bedrock).

Parent material Paleozoic metasedimentary 
mudstones except for granite 
intrusion between 1500 and 2020 
meters above sea level (box 2)

Quesada et al. 2010 Weak effect 
via altered 
rainfall

Parent material and its weathering 
state will constrain impacts of warming 
on biotic responses by influencing 
availability of rock-derived nutrients, 
such as phosphorus. Greater losses for 
soils with low available nitrogen, lower 
protection in aggregates and minerals.

Time Less weathered (“younger”) soil at 
higher elevation

Nottingham et al. 2015b Weak effect 
via altered 
rainfall

Increased rainfall can accelerate soil 
weathering and affect soil nutrient 
status. Soil nutrient status will constrain 
warming impacts on soil C, with higher 
C losses in “younger,” low nitrogen and 
C rich, soils.

Disturbance Recent (< 50 years) low intensity 
cattle grazing at highest site 
(3644 meters), but no documented 
evidence for other sites

NA Unknown 
effect

Climate-driven human migration and 
land-use change. Effect on soil C by 
altered plant communities, production 
and soil nutrient status.
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under warming, such as the metabolism and community 
composition of plants and soil microorganisms (Wright et al. 
2009, Bradford 2013) and abiotic variables including atmo-
spheric CO2 concentration, soil moisture, radiation loads, 
and soil-nutrient availability (Melillo et al. 2011, Wood et al. 
2012). These indirect factors will result in more complex 
responses of soil carbon to warming than can be predicted 
by its chemical composition alone. To fully understand the 
consequence of these interacting factors requires long-term, 
multiple-factor experiments (Cavaleri et  al. 2015), but we 
can also learn from studying gradients of these factors within 
natural ecosystems (Sundqvist et al. 2013).

The Kosñipata transect has provided an opportunity 
to investigate the influence of some of these interacting 
factors in constraining the response of soil carbon to 
temperature change, in particular the role of plant and 
soil microbial community composition and soil nutrients 
(table 2). Other potentially important factors that will 
covary with future temperature change but do not vary 
strongly along the Kosñipata transect include precipitation 
patterns and atmospheric CO2 concentrations. The lack of 
linear variation in precipitation and absence of seasonal 
soil moisture constraints (Zimmerman et  al. 2009) along 
the Kosñipata transect is an advantage of studying this 
gradient, because it reduces the number of confounding 
factors. Changes in precipitation patterns, relative humid-
ity, and evaporation can influence soil carbon by modu-
lating soil moisture and microbial processes (Wood et al. 
2012). Increased atmospheric CO2 concentrations are 
predicted to affect plant production and the magnitude of 
plant-derived carbon inputs to soils (Lloyd and Farquhar 
2008). However, we cannot evaluate the impact of raised 

atmospheric CO2 by using natural gradients, and our 
knowledge is limited by the lack of elevated-CO2 experi-
ments in tropical forests.

Changing plant communities and their inputs to soil.  To understand 
the impacts of climate warming on soil carbon, we need also 
to evaluate parallel changes in plant-derived organic matter 
inputs to soil, which affect soil-carbon cycling and its temper-
ature sensitivity by altering substrate and nutrient availability 
to soil heterotrophs (Hartley and Ineson 2008, Conant et al. 
2011). Changes in leaf litter quantity and quality (generally 
defined by its chemical complexity or carbon-to-nitrogen, 
or C:N, ratio) may occur should climatic or atmospheric 
change alter the physiology of individual plants or change 
the species composition of plant communities. Overall C:N 
ratios in plant tissue may vary as a result of thermal or other 
physiological acclimation processes (Ghannoum and Way 
2011). Larger changes in the quality and quantity of litterfall 
in montane forests may occur if there are climate-related 
shifts in species ranges and plant community composition 
(Chen et al. 2011). On the basis of current characteristics and 
recent changes in plant communities along the Kosñipata 
transect, we can estimate how plant–soil feedback influences 
soil-carbon dynamics in montane forests, but the feedback 
arising from warming in lowland forest remains difficult to 
assess without in situ experimentation.

Temperature is a fundamental constraint on plant pro-
ductivity (van de Weg et  al. 2014) and community com-
position (Rapp et  al. 2012) along the Kosñipata transect. 
Aboveground forest biomass is twofold smaller at the 
highest relative to the lowest elevations—and aboveground 
productivity is fourfold smaller in montane forest relative 
to lowland forest—as a result of the limitations to produc-
tivity by temperature and nitrogen at higher elevation and 
also by light availability in the cloud forest zone (Girardin 
et al. 2010, van de Weg et al. 2014). Recent multiyear recen-
sus data have also reported the up-slope warming-related 
migration of tree species ranges at a rate of 2.5–3.5 vertical 
meters per year (Feeley et al. 2011), a pattern which appears 
to be common globally (Chen et  al. 2011). This indicates 
that the plant community composition of tropical montane 
forests will undergo large changes under climate warming, 
because tree species are migrating at different rates and 
some may not be migrating fast enough to avoid extinction 
(Feeley et al. 2011). These observations suggest that under 
climate warming, montane forests on the Kosñipata transect 
will be more productive and contain more of the tree species 
that currently occupy lower elevations. Furthermore, these 
changes will likely increase the quantity and quality of litter 
fall because, on average, lower-elevation tree species on this 
transect have higher net primary production and litter qual-
ity (lower foliar C:N ratios; table 2; van de Weg et al. 2009, 
Girardin et al. 2010), as was also observed in other tropical 
montane ecosystems (Vitousek et  al. 1992, Kitayama and 
Aiba 2002). The consequence of these changes in aboveg-
round vegetation properties may be a shift toward higher 

Figure 3. Ecosystem properties and processes—each of 
which has its own intrinsic temperature sensitivity (Q10)—
that may interact to determine the overall apparent Q10 of 
soil-carbon degradation.
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rates of decomposition and nutrient mineralization and 
declines in soil-carbon content (Wardle et al. 2004).

An additional but particularly poorly understood impact 
of large-scale alterations in plant community properties is 
the effect on rhizosphere-derived carbon inputs to soil. The 
observed increase in soil carbon with elevation (figure  4a) 
may result partly from differences in root dynamics and 
mycorrhizal communities. The mean annual residence time 
of fine roots increases by an order of magnitude with 
increased elevation on this transect, although the propor-
tion of primary productivity allocated belowground does 
not (Girardin et  al. 2010). This suggests that root-derived 
carbon, which has a greater mean annual residence time 
compared with that of leaf-litter carbon (Rasse et al. 2005), 
contributes a larger portion of soil carbon at a higher 

elevation. Elevation-related differences in the relative impor-
tance of arbuscular (AM) and ectomycorrhizal (EM) asso-
ciations may also have large consequences for soil-carbon 
dynamics. Large soil carbon stores have been associated with 
EM-dominated systems, because EM fungi are saprophytic 
and compete directly with other free-living microorganisms 
for organic nitrogen, which promotes nitrogen limitation 
and reduces rates of decomposition (Clemmensen et  al. 
2013, Averill et al. 2014). Mycorrhizal communities are yet 
to be investigated along the Kosñipata transect, but if the 
relative importance of AM to EM associations is related to 
a transition from mineral to organic soil (Read and Perez-
Moreno 2003), an increased dominance of EM associations 
at higher elevations may be found (table 1, figure 4a). The 
impacts of these root and mycorrhizal community changes 

Table 3. The temperature sensitivity (Q10 values) of decomposition processes and properties, determined by experiment 
and the measurement of organic matter properties from the Kosñipata transect.

Process/property Site Q10 value Reference

Wood decomposition Average response 210–3025 meters (m) 4.0

Fungal growth Average response 1500–3400 m 3.9 Meier et al. 2010

Leaf-litter decomposition Average response 210–3025 m 3.1 Salinas et al. 2011

Soil organic matter decomposition soil origin 3030 m 3.4 Zimmermann et al. 2012

soil origin 1500 m 2.3

soil origin 1000 m 2.8

soil origin 210 m 4.9

Heterotrophic respiration in situ 3030 m 2.5 Zimmermann et al. 2009

in situ 1500 m 1.6

in situ 1000 m 1.5

in situ 210 m 1.2

Total soil respiration in situ 3030 m 4.3 Zimmermann et al. 2009

in situ 1500 m 2.1

in situ 1000 m 2.9

in situ 210 m 6.9

Soil enzyme activities (Vmax) Average response 194–3644 m

β-glucosidase 1.6

Cellobiohydrolase 2.0

β-xylanase 1.7

Phenol oxidase 1.4

N-acetyl β-glucosaminidase 1.7

Phosphomonoesterase 1.6

Note: The values represent the average response determined across sites along the elevation gradient, calculated by comparing responses at 
the different sites (decomposition rates and fungal growth), or the range of site-specific values, determined using diurnal temperature variation 
(respiration) or by manipulating temperature in a laboratory incubation (enzyme activities). The Q10 values for soil organic matter decomposition 
were determined by comparing the response for each soil type (soil origin) among the four sites according to the difference in MAT.
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on soil carbon under climate warming are therefore poten-
tially significant but remain poorly resolved.

Nutrient constraints to heterotrophic metabolism.  The response 
of plant and microbial metabolism to warming will be 
constrained by nutrient availability. This includes the 
plant physiological responses to warming that determine 
the quality and quantity of plant-carbon inputs to soil, in 
addition to the soil microbial responses that directly affect 
soil-carbon storage (Wood et al. 2012). Soil-nutrient avail-
ability itself may change under warming, largely as a result 
of these plant and microbial responses, through changes in 
plant inputs, nitrogen fixation, nitrification, denitrification, 
enzymatic activity, and sorption and desorption reactions. 
Seven years of experimental soil warming in temperate 
forest resulted in the stimulated mineralization of soil 
organic carbon and nitrogen (Melillo et al. 2011), indicat-
ing that one of the largest perturbations of soil  carbon 
cycling may arise through the accelerated decomposition 
of SOM to liberate organic nitrogen (Chena et  al. 2013). 
Whether phosphorus constraints on decomposers will 
have similar impacts on soil carbon under warming is less 
clear. Microbial phosphorus acquisition can be decoupled 
from organic carbon degradation, partly because of the 
biochemical mineralization of organic phosphorus esters 
and the abundance of inorganic phosphate (Nottingham 
et al. 2015a). The vulnerability of SOM to these “nutrient-
mining” effects (Melillo et al. 2011) may therefore depend 

on the degree of nitrogen relative to phosphorus con-
straints on the soil microbial community.

Tropical mountains have been characterized as gradients 
of nutrient limitation to plant and microbial metabolism, 
with a shift from predominant phosphorus to nitrogen 
constraints with increasing elevation. This gradient arises 
because soil nitrogen inputs are primarily atmospherically 
derived, whereas soil phosphorus inputs are primarily 
rock derived. In lowland tropical forests, strongly weath-
ered soils—with a consequent scarcity of rock-derived 
nutrients—are widespread (Vitousek 1984). In montane 
tropical forests, lower temperatures result in less biological 
nitrogen fixation, slower rates of decomposition (Salinas 
et  al. 2011), and bedrock rejuvenation because of greater 
rates of soil erosion and landslide activity (Porder and 
Hilley 2010). Multiscale data sets from the Kosñipata 
transect, including soil-nutrient concentrations, enzyme 
activities, and soil CO2 fluxes, are consistent with this 
paradigm. At higher elevations, soils contain more avail-
able phosphorus, less total mineral nitrogen (figure 4b), 
and low ratios of nitrogen-degrading to phosphorus-
degrading enzymes (Nottingham et  al. 2015b), implying 
nitrogen limitation. In contrast, soils at low elevation 
contain less available phosphorus and more total mineral 
nitrogen (figure 4b) and high ratios of nitrogen-degrading 
to phosphorus-degrading enzymes, implying phospho-
rus limitation. Fertilization at different elevations on the 
transect influenced respiration fluxes consistent with this 
finding: the addition of nitrogen increased microbial res-
piration at a high elevation (3000 m above sea level, asl), 
whereas the addition of nitrogen and phosphorus together 
increased microbial respiration at a low elevation (200 m 
asl; Fisher et al. 2013). Although few data are available for 
tropical forest montane-to-lowland comparisons, we note 
consistent results from elsewhere showing low bioavailable 
soil nitrogen (Corre et al. 2010, Wolf et al. 2011) together 
with nitrogen-limited microbial growth (Corre et al. 2010, 
Cusack et al. 2011) in other montane forests and phospho-
rus-limited microbial growth and carbon mineralization in 
lowland forests of Panama and Costa Rica (Cleveland et al. 
2006, Turner and Wright 2014).

The likely transition from phosphorus to nitrogen con-
straints on the soil microbial biomass with increased 
elevation on tropical mountains suggests a transition in 
the magnitude of nutrient-mining impacts on decomposi-
tion rates under warming, with greater impacts in mon-
tane forest where nitrogen is the predominant constraint 
on decomposers and where aboveground production is 
more likely to be stimulated by warming (either directly or 
through species composition shifts). Therefore, evidence 
from the Kosñipata transect and elsewhere points toward 
an analogous response of montane forest to warming as 
observed in temperate forest (Melillo et  al. 2011), with 
an accelerated decomposition of SOM to liberate organic 
nitrogen by nitrogen-limited decomposers (Chena et  al. 
2013). However, because tropical forests span 10 soil orders 

Figure 4. The relationship between the Q10 values of soil 
organic carbon degradation during the first 2 years following 
translocation and the relative portions of carbon stored 
in particulate organic matter (physically unprotected; 
r = –.96, p < .01). The four points represent the four sites 
included in the soil translocation experiment (situated at 
210, 1000, 1500, and 3030 meters above sea level), where Q10 
values were determined by respiration responses following 
translocation among sites and soil physical fractions were 
determined for soil from each site (Zimmermann et al. 2012).
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(Quesada et  al. 2010), there is likely to be a great deal of 
variation in the extent of this microbial–nutrient feedback 
under warming among lowland and montane sites on dif-
ferent parent material.

Do all microbial communities function similarly?  Soil microor-
ganisms drive soil biogeochemical processes, so it has been 
hypothesized that the composition, or “functional dis-
similarity,” of the soil microbial community directly affects 
organic matter degradation and its response to temperature 
change (Ostle and Ward 2012). This hypothesis is based on 
recent studies showing that microbial community compo-
sition shifts in response to soil treatments are related to soil 
processes such as mineralization rates (Bardgett and van 
der Putten 2014). An important difference in determining 

how warming will constrain rates of organic matter decom-
position is the relative dominance of the soil microbial 
community by bacteria and fungi. Fungi are associated 
with a slow energy channel (the slow turnover of more 
recalcitrant and nitrogen-poor substrates, leading to high 
soil-carbon accumulation), whereas bacteria are associated 
with a fast energy channel (the fast turnover of labile and 
nitrogen-rich substrates, leading to low soil-carbon accu-
mulation; Clemmensen et  al. 2013, Bardgett and van der 
Putten 2014).

A functional dissimilarity of tropical forest soil micro-
bial communities during carbon metabolism has recently 
been reported for the Kosñipata transect (Whitaker et  al. 
2014b). Carbon substrates of varying complexity were 
added to soil from 14 sites, and the variance in the respira-
tion response was best described by the relative abundance 
of functional groups of microorganisms, in particular the 
relative abundance of bacteria and fungi. This dissimilarity 
in microbial community functioning along the transect has 
been attributed to differences in the functional capacity of 
specific microbial groups (gram-positive and gram-negative 
bacteria and fungi) to mineralize labile and recalcitrant car-
bon sources, demonstrated through assimilation of isotope-
labeled substrates (Whitaker et al. 2014a). The extent of this 
functional dissimilarity appears to vary with temperature or 
elevation, because soil microbial processes (Zimmermann 
et al. 2010, Nottingham et al. 2015b), soil microbial biomass, 
and community composition vary with elevation, as was 
indicated by the large contrast in bacterial and fungal domi-
nance of the microbial community at low and high eleva-
tion, respectively (figure 5; Fierer et al. 2011, Whitaker et al. 
2014b). These findings from the Kosñipata transect support 
the hypothesis that the temperature response of soil-carbon 
cycling will be strongly influenced by the composition of 
these communities (Ostle and Ward 2012). Furthermore, 
they imply that a warming-related shift from fungal- to bac-
terial-dominated microbial communities in montane forests 
may be associated with a reduction in SOM (Clemmensen 
et  al. 2013, Bardgett and van der Putten 2014). This func-
tional dissimilarity may also apply to soil macrofauna. For 
example, termites are important decomposers in lowland 
sites, but they are largely absent from sites above 1500 m asl 
in elevation (Palin et al. 2011), and their up-slope migration 
under warming may similarly be associated with carbon 
losses in montane forest ecosystems.

Does thermal adaptation alter temperature sensitivity?  In addi-
tion to the physicochemical constraints on the temperature 
sensitivity of decomposition discussed above, the thermal 
adaptation of soil microorganisms or biochemical pro-
cesses may also complicate the simple application of kinetic 
theory in a warming scenario (Billings and Ballantyne 2012, 
Bradford 2013). Warming experiments have demonstrated 
soil-carbon losses following short-term increases in soil 
heterotrophic respiration, which decline in the longer term 
(Melillo et al. 2011). One explanation for these longer-term 

Figure 5. (a) Total abundance of phospholipid fatty acids 
(PLFA) and (b) the ratio of bacterial to fungal PLFA 
in soils across the Kosñipata elevation transect. Trends 
indicate the shift in the relative importance of fungal 
versus bacterial biomass in the microbial decomposer 
community along the transect (Whitaker et al. 2014b).  
The error bars represent one standard error. 
Abbreviations: dwt, dry weight; g, grams; m asl, meters  
at sea level; nmol, nanomoles.
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declines in soil-carbon losses is acclimation or adaptation of 
microbial communities or processes (Bradford et al. 2009), 
which is suggested to occur via changes in microbial growth 
efficiency and the production of extracellular enzymes that 
have lower catalytic rates and are more stable at warmer 
temperatures (Bradford et al. 2010). However, evidence for 
acclimation or adaptation in response to warming is not 
unanimous (Hartley and Ineson 2008). In a 90-day incu-
bation experiment using soils collected globally and with 
tropical soil from the Kosñipata transect, more soils showed 
enhanced rather than reduced (or adaptive) respiration 
responses, and this result was more pronounced for soils 
from cold climates and, among them, with high carbon-to-
nitrogen ratios (Karhu et al. 2014). Therefore, cold-adapted 
communities and substrate (e.g., carbon and nitrogen) 
availability may constrain the overall response to warming, 
although more data are needed to confirm this first survey, 
particularly for tropical forests.

Complementing this incubation experiment, the large 
natural temperature gradient along the Kosñipata transect 
has facilitated further investigation of the temperature 
adaptation of microbial communities. In a study of the tem-
perature responses of extracellular enzymes, the temperature 
sensitivities of two important carbon-degrading enzymes 
(β-glucosidase and β-xylanase) were greater in higher eleva-
tion sites. This pattern could be explained by the pres-
ence of “cold-adapted” isoenzymes at higher elevation sites 
(Bradford et al. 2010), which catalyze the same biochemical 
reaction but differ in terms of protein structure and con-
formational flexibility, exhibiting greater flexibility at lower 
temperatures (Wallenstein et al. 2011). Temperature adapta-
tion of microbial communities along the Kosñipata transect 
was also suggested by the higher soil microbial carbon use 
efficiency in colder sites (Whitaker et al. 2014a), which is a 
common outcome in models of microbial responses to tem-
perature (Allison 2014). Therefore, data from the Kosñipata 
transect are also consistent with evidence for the higher tem-
perature sensitivity of cold-adapted microbial communities 
(Karhu et al. 2014). The combination of enhanced respira-
tion responses and the presence of cold-adapted enzymes 
suggest the high vulnerability of montane forest carbon 
stocks to future warming.

Synthesis
The Kosñipata studies collectively show the importance 
of defining the component processes and properties that 
determine the overall Q10 of soil organic matter decompo-
sition (table 3, figure 3). Furthermore, by examining how 
these component processes and properties vary along the 
Kosñipata transect, we can make some predictions of the 
responses of soil carbon to future warming in lowland and 
montane tropical forests (figure 6).

The importance of intrinsic and apparent temperature sensitivity.  To 
understand the apparent sensitivity of soil-carbon cycling to 
warming, we need to understand how this sensitivity arises 

from the temperature responses of its various subcompo-
nents, each with its own intrinsic temperature sensitivity 
(figure 3). Of these ecosystem components, perhaps the best 
defined is the chemical recalcitrance of organic carbon com-
pounds. The prediction from kinetic theory of higher tem-
perature sensitivity for more chemically recalcitrant carbon 
compounds has been demonstrated by numerous studies in 
different ecosystems (Hartley and Ineson 2008, Craine et al. 
2010, Conant et al. 2011) and is further supported by studies 
of the temperature sensitivity of decomposition and hetero-
trophic respiration along the Kosñipata transect (table  3; 
Salinas et al. 2011, Zimmermann et al. 2012).

The intrinsic temperature sensitivity of soil-carbon 
decomposition may be obscured by other ecosystem prop-
erties that have their own intrinsic temperature sensitivity, 
including substrate supply, nutrient availability, the physical 
and chemical protection of organic matter, and the composi-
tion and activity of the microbial community (figure 3). For 
example, the temperature sensitivity of soil-CO2 efflux is 
known to increase under high substrate supply (Davidson 
et al. 2006) and can therefore vary with different plant com-
munities and soil types. It is also known to be dependent on 
the composition and temperature-adaptation of the micro-
bial community (Ostle and Ward 2012, Bradford 2013). 
These interactions may be responsible for the higher experi-
mentally derived apparent Q10 values (up to 6.9) when com-
pared with the lower laboratory-derived intrinsic Q10 values 
for enzymatic activity in the Kosñipata studies (between 
1.4 and 2.0; table 3). Evaluation of the factors that deter-
mine these interactions along this transect—and for other 
elevation gradients (table 2)—should ultimately pinpoint the 
crucial factors that will regulate the response of soil-carbon 
cycling to future warming in lowland and montane tropical 
forests (figure 6).

The stability of lowland and montane carbon stores under future 
climate warming.  Our analysis suggests that the vulner-
ability of soil carbon to elevated temperature along the 
Kosñipata transect—and other tropical forest elevation 
gradients—is likely to be regulated by different principal 
mechanisms at different elevations. In lowland tropi-
cal forests, kinetic theory and the greater temperature 
sensitivity of more chemically complex carbon is likely 
to play a dominant role but may be constrained by the 
physical or chemical protection of carbon in these soils 
(Zimmermann et  al. 2012, Giardina et  al. 2014). This 
conclusion is based on our prediction of smaller effects of 
indirect factors in lowland forest relative to montane forest 
(table 1, figure 6), but we note that the plant–soil feedback 
in lowland tropical forest under warming is poorly known 
(Wood et al. 2012).

In contrast, the very significant carbon stocks in tropical 
montane forest in the upper half of the Kosñipata transect 
(figure 4a; Zimmermann et al. 2010) may have a high apparent 
temperature sensitivity because of indirect feedback (figure 
6). This is indicated by the greater temperature sensitivity 
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of cold-adapted enzymes at the higher elevation sites and by 
the presence of fungal-dominated microbial communities at 
higher elevations (figure 5), which can respond to warming 
by increasing organic matter mineralization to acquire, or 
“mine,” organic nitrogen that would otherwise be inaccessible 
at lower temperatures (Melillo et al. 2011, Chena et al. 2013). 
Recent experimental evidence from another tropical eleva-
tion gradient in Hawaii is consistent with the conclusions we 
draw here for the Kosñipata transect, with higher Q10 values 
of litter decomposition associated with increased nitrogen 
release at higher elevations (Bothwell et  al. 2014). Further 
indirect positive feedback may result from an upward shift 
of plant species ranges (Feeley et  al. 2011), whereby the 
associated changes in leaf litter, rhizosphere carbon inputs, 
and dominant mycorrhizal associations further stimulate 
microbial carbon use and organic matter mineralization (fig-
ure 6). However, it is also possible that the predicted losses 
of soil carbon to the atmosphere under climatic warming 
will be countered by increased carbon inputs from warming 
and CO2-stimulated plant productivity (Wood et  al. 2012). 
This soil–climate feedback may be further constrained by 
the potential for an adaptive response of the soil microbial 
community and activity (Wieder et al. 2013); which contin-
ues to be debated (Bradford 2013, Karhu et al. 2014) and is 

a priority for future research. For now, we lack the data and 
necessary in situ experiments to fully understand the net 
effect of warming on soil carbon inputs and outputs, but with 
emerging new manipulation experiments, this may change in 
the near future.

Conclusions
Tropical elevation gradients are valuable in enabling com-
bined studies of temperature effects on SOM cycling over 
the short term, through translocation experiments, and 
over the long term, through the observation of temperature-
adapted ecosystem properties (Sundqvist et al. 2013). They 
are especially valuable in tropical forest ecosystems, which 
are a major component of the terrestrial carbon cycle but 
where temperature manipulation experiments have not yet 
been implemented (Cavaleri et al. 2015). These approaches 
have yielded insights into the factors that regulate both the 
intrinsic and apparent temperature sensitivities of soil-car-
bon cycling in tropical forests, a significant knowledge gap 
in making projections of global carbon emissions under 
future climate change (Cox et al. 2013). The observational 
and experimental studies along the Kosñipata transect 
have revealed large indirect influences of warming on 
soil-carbon stocks in both montane and lowland tropical 

Figure 6. The complexity of proposed climate-warming effects on soil carbon (C) in lowland and montane tropical forests. 
The thermal adaptation of soil microorganisms and changes in plant productivity, rainfall, and atmospheric carbon 
dioxide (CO2) will modulate these responses, but the mode of adaptation is uncertain. To understand the impacts of 
warming in lowland tropical forest, we need in situ experiments to simulate warming. Driving processes are represented 
by the dashed arrows; fluxes of energy or nutrients are represented by solid arrows (weighted by their relative importance 
in montane and lowland tropical forests); the boxes are organisms or resource pools. Abbreviations: N, nitrogen; NPP, net 
primary production; P, phosphorus; SOM, soil organic matter.
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forests through the physical protection of organic matter 
in soil aggregates, through shifts in microbial community 
composition, and through the consequences of nutrient 
limitation. These mechanisms are not yet considered in 
Earth system models but could substantially inform our 
view of the vulnerability of the world’s significant soil-car-
bon stocks that are located in tropical forests (Todd-Brown 
et al. 2012). The study of different elevation gradients with 
contrasting climatic and edaphic properties (table 1) will 
undoubtedly enable the generalization of these findings. 
We suggest that they can also guide and complement long-
term in situ warming experiments, which are required to 
simulate the projected effects of warming in tropical forests 
but whose implementation is only just beginning.
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