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A B S T R A C T

Alpine tundra ecosystems, like their arctic counterparts, have historically been the sites of considerable soil 
organic carbon (SOC) storage due to climatic factors that suppressed microbial activity. While climatic factors are 
important, heterotopic soil respiration (and SOC storage) may be influenced by a range of soil characteristics. In 
this study, we measured soil respiration, soil temperature, soil moisture, soil nutrient concentrations, soil pH, and 
soil texture in 4 alpine tundra sites located in Rocky Mountain National Park, Colorado, USA from June 2015 – 
September 2021. We also used geospatial modeling to visualize predicted climate changes in this system over the 
21st century. Finally, we measured SOC concentrations over the seven-year study. We found that soil respiration 
was significantly correlated with soil temperature, soil moisture, and soil texture. All other parameters were not 
significantly correlated with soil respiration. We also found that SOC concentrations did not change significantly 
over the course of the seven-year study. The predictive models show that by the end of the century, over the 
majority of the park, the mean maximum air temperature will increase, the amount of snowfall will decrease, soil 
moisture will decrease, and the number of snow-free days will increase. These results suggest that SOC is not 
currently being lost from this system at a high rate. In addition, it appears that with a changing climate, soil 
respiration may increase with warming, but the overall increase may be limited by decreased soil moisture and in 
some cases, high soil temperatures.

1. Introduction

Alpine tundra ecosystems, like their arctic counterparts, have his
torically been the sites of considerable soil organic carbon (SOC) storage 
due to climatic factors that suppressed microbial activity (Schuur et al., 
2008; Turetsky et al., 2020; Wu et al., 2021). Although all cold-climate 
areas have the potential to hold significant SOC, permafrost represents 
the largest pool of terrestrial carbon (C), accounting for more than 65 % 
of all non-fossil C on land in 2022 (Friedlingstein et al., 2022). Perma
frost is found in areas in which the soil remains below freezing for two or 
more consecutive years. These areas are primarily located in high lati
tude regions but are also found at high elevations at lower latitudes, 
even into the tropics (Gruber, 2012).

Globally, alpine tundra soils with permafrost contain 66.3 Pg of 
organic C, which constitutes 4.5 % of the global SOC pool (Bockheim 
and Munroe, 2014). In the Southern Rocky Mountains, there are some 
isolated, discontinuous patches of permafrost located in higher eleva
tions with cool microclimates, but today much of the area is too warm to 

support permafrost. Thus, the carbon-storage capacity of this region may 
have been altered over the last several decades (Janke, 2005; Knowles 
et al., 2019). Rocky Mountain alpine soils have been found to contain 
0.12–17.22 % of SOC within the top 15 cm (Birkeland et al., 1987; 
Retzer, 1974). It is often assumed that as temperatures continue to rise, 
SOC losses will accelerate, especially in cold-climate soils, such as those 
at high elevations.

According to the IPCC’s Sixth Assessment Report, global tempera
tures have warmed 1.09 ◦C since 1850–1900 and will reach 1.5 ◦C 
warming within the next 20 years (Lee and Romero, 2023). This 
warming is expected to continue. CMIP6 modeling projects a warming of 
2.5–6.1 ◦C globally by the end of the century (Gutiérrez et al., 2021; 
Tebaldi et al., 2021). On a local scale within our study area, warming has 
also been observed. Within Rocky Mountain National Park, winter air 
temperatures warmed by 0.29C per decade from 1981 to 2015 
(Fassnacht et al., 2018).

Historical data and model predictions show that warming is often 
more pronounced in mountainous regions. Elevation-dependent 
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warming (EDW) is driven by a range of factors including water vapor 
changes and latent heat release, aerosol loading, water vapor-radiative 
feedbacks, and the snow albedo feedback in which an increase in 
snow-free days results in a decrease in albedo and a corresponding in
crease in temperature (Auer et al., 2007; Pepin et al., 2015). Using high- 
resolution regional climate models, researchers have found similar 
enhanced warming at higher elevations in the Southern Rocky Mountain 
Region (Mahony et al., 2022; Minder et al., 2018).

In mountainous regions, climate change is not only altering tem
perature, but also precipitation type and soil moisture. Warming tem
peratures are leading to a reduction in snow cover duration, with 
precipitation coming as rain later in the fall and earlier in the spring. As 
temperatures rise, snowmelt is occurring earlier and evapotranspiration 
rates are increasing, which is leading to late summer soil dryness 
(Almazroui et al., 2021; Dethier et al., 2022; Dong et al., 2019; Fassnacht 
et al., 2018; Rasmussen et al., 2014).

SOC decomposition and C loss, is mediated by microbes and is 
influenced by a range of parameters including soil temperature, soil 
moisture, nutrient availability, soil pH, soil texture, and the magnitude 
and chemical characteristics of organic C input into the system 
(Davidson and Janssens, 2006; Giesler et al., 2012; Guo et al., 2022; Liu 
et al., 2009; Moyano et al., 2012). It is generally thought that microbial 
decomposition of SOC is controlled most strongly by soil temperature 
and soil moisture. With an increase in soil temperature, there is gener
ally an increase in microbial activity and soil respiration (SOC loss) 
(Davidson and Janssens, 2006; Lloyd and Taylor, 1994; Xue et al., 2016; 
Zhou et al., 2019), although if the optimum soil temperature is sur
passed, the rates will decrease (Alster et al., 2022; Liu et al., 2018). Soil 
respiration also tends to be positively related to soil moisture, but at very 
high levels of soil moisture, rates of soil respiration may also slow 
(Davidson et al., 1998; Liu et al., 2009; Moyano et al., 2013).

Soil texture, in particular clay content, may also influence soil 
respiration through its effect on soil moisture. At lower levels of soil 
moisture, clay content appears to enhance soil respiration while at high 
levels of soil moisture, it restricts soil respiration (Moyano et al., 2012; 
Xu et al., 2016). Thus, the role of soil texture in soil respiration may vary 
over the course of the year and from location to location as soil moisture 
varies.

Nutrient availability, especially nitrogen (N) and phosphorus (P), 
may also influence soil respiration. In some soils with significant labile 
C, N additions can result in increased microbial growth (Wardle, 1992) 
and an increase in soil respiration. However, in most natural systems, 
soils with high N concentrations in any inorganic form, tend to have 
lower levels of soil respiration and are instead associated with C 
sequestration (Craine et al., 2007; Guo et al., 2022; Janssens et al., 2010; 
Shahbaz et al., 2022; Treseder, 2008). High N additions are associated 
with a decrease in pH, which may limit microbial growth and hetero
trophic soil respiration (Song et al., 2019). In addition, under high N 
conditions, plants tend to allocate more C to above ground structures 
and limit below ground allocation which may result in a reduction in 
mycorrhizal fungi growth and SOC accumulation. N availability could 
also result in changes in the overall microbial community structure, 
which could result in a reduction in heterotrophic respiration (Janssens 
et al., 2010).

In contrast to N, P appears to have a less direct effect on SOC 
decomposition. Giesler et al. (2012) found that P availability influenced 
soil microbial function in a tundra ecosystem, but the effect was 
reasonably small. In their study on the Qinghai-Tibetan Plateau, Ren 
et al. (2016) found that P availability influenced autotrophic soil 
respiration but not heterotrophic soil respiration. An increase in auto
tropic soil respiration would likely result in an increase in SOC, which 
could possibly contribute to elevated rates of heterotrophic soil respi
ration due to an increase in substrate (C) availability.

Soil pH influences a range of abiotic factors including organic C 
(SOC) and nutrient availability (Kemmitt et al., 2006) and soil microbial 
community composition (Song et al., 2019). Fungal growth is greatest 

under lower pH conditions and bacterial growth is greatest at higher pH. 
In general, it appears that soil respiration is positively correlated with 
pH, although only for pH values between 5 and 8.5. Values outside this 
range tend to suppress soil respiration (Guo et al., 2022; Leifeld et al., 
2008; Rousk et al., 2009).

In this project, we had several objectives. First, we set out to deter
mine which of the known drivers of soil respiration (e.g. soil tempera
ture, soil moisture, soil texture, soil N concentration, soil P 
concentration, and soil active and exchangeable pH) were the strongest 
predictors of soil respiration in the alpine tundra system. Second, using 
our data on drivers of soil respiration, we used climate models to make 
predictions about future soil respiration in the Southern Rocky Moun
tains. Third, we measured SOC concentrations over the course of the 
study to determine whether soil carbon concentrations were changing in 
this alpine tundra system.

2. Materials and methods

2.1. Field methods

In June of 2015, we established two 225 m2 alpine tundra study sites 
in Rocky Mountain National Park, Colorado, USA (Fig. 1). Site 1 was a 
wet meadow, located in the saddle between two hills, at 3684 m in 
elevation (m above sea level). It was characterized by relatively deep 
(30–40 cm) mineral soil and the presence of water through mid-summer 
in numerous small depressions. The vegetation mainly consisted of 
grasses, sedges, and hydrophytic forbs. Site 2 was a fellfield, located at 
the top of a hill exposed to near-constant wind at 3682 m in elevation. 
The area had very shallow (5–15 cm), rocky soil. During our study, 
vegetation covered less than 50 % of site 2 and was predominantly low- 
stature forbs.

In the summer of 2017, two additional meadow tundra sites were 
added (sites 3 and 4) (Fig. 1). Site 3 was located at 3691 m in elevation. 
The area was located near the top of a hill and was subjected to near- 
constant wind. The soil was very rocky, but more developed (10–20 
cm deep) than the soil of site 2. The vegetation consisted of grasses and 
forbs. Site 4 was located at 3650 m in elevation at the foot of a large hill 
and was relatively sheltered from the wind. The soil was the deepest (>
40 cm) of all four sites and remained moist for much of the summer. The 
vegetation was similar to that of site 3 and consisted of grasses and forbs. 
Soils in all four sites are part of the Trailridge and Mummy series. Soils in 
these series are Typic Humicryepts (Soil Survey Staff, 2025).

Within each site, 2 20 cm PVC collars were installed to establish 
permanent sampling locations for measuring soil respiration. Data were 
collected from June 2015 – September 2021. Soil respiration was 
measured every two weeks during the snow-free period (June – 
September) using a Li-Cor LI-8100 A automated CO2 flux system (Li-Cor, 
2025). On each sampling date, the Li-Cor collected 5 replicate mea
surements in succession at each collar; total measurement time was ~20 
min per collar. In addition, soil temperature and soil moisture were 
measured once within 20 cm of the soil respiration collar. To measure 
soil moisture and temperature, 15 cm probes were inserted perpendic
ular to the soil surface to a depth of 15 cm and soil temperature and soil 
moisture were measured along the length of the probe, from the soil 
surface to a depth of 15 cm. Soil temperature was measured using a 
digital soil probe thermometer with an accuracy of ±1.5 ◦C (Thomas 
Scientific, 2025). Soil moisture was measured using a Campbell Scien
tific HydroSense II probe, which uses dielectric permittivity to measure 
volumetric water content, with an accuracy of ±0.05 % (Campbell 
Scientific, 2025).

2.2. Laboratory analysis

Once a month, soil was collected from 6 randomly selected locations 
within each site using a 2.54 cm diameter soil corer to a depth of 15 cm. 
In the lab, each soil specimen was homogenized using a 4 mm sieve and 
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a sub-sample was extracted using a 2 M KCl solution. Ammonium- ni
trogen (NH4

+-N) was measured using a modified indophenol blue 
method (Sims et al., 1995) and read at 650 nm on a BioTek Gen5 
microplate reader (Agilent, 2025). Phosphate- phosphorus (PO4

3− -P)was 
measured using a modified malachite green method using a Malachite 
Green Phosphate Assay Kit from Sigma-Aldrich (Sigma Aldrich, 2025) 
and read on a BioTek Gen5 microplate reader at 650 nm (Agilent, 2025).

We used Hach Ag/AgCl gel-filled pH probes with a resolution of 0.01 
to assess active and exchangeable soil pH using a 1:1 soil water solution 
(active pH) and a 1:1 2 M KCl solution (exchangeable pH). The probe 
was calibrated daily according to manufacturer instructions using a 
three-point standard calibration curve (Hach CO, 2025).

SOC concentration was assessed using a solid soil combustion 
method using a Shimadzu SSM-5000 A Total Carbon Analyzer 
(Shimadzu, 2025). Samples were dried and ground to <75 μm in size 
using a mortar and pestle before analysis. A standard curve was estab
lished using varying masses of dextrose according to manufacture in
structions. Soil texture (sand, silt, and clay percentages) was determined 
using the hydrometer method (Gee and Bauder, 1986).

2.3. Statistical analysis

For each sampling date and each site, the soil respiration (CO2 flux), 
soil temperature, soil moisture, and each set of soil parameter values 
were averaged, to obtain a single observation of each of these variables 
on each date at each site. This led to an overall sample size of n = 168 
(multivariate) observations of CO2 flux, soil moisture, and soil temper
ature. Of these, 76 also included measurements of soil nutrient and pH 
parameters.

To evaluate the relationship between CO2 flux and the soil variables 
PO4

3− -P, organic C (SOC), and NH4
+-N, we fitted the multiple regression 

model. 

Fluxijk = Sitei +Monthj +Yeark + β1 ×PO4
3− − P+ β2 ×Organic C 

+ β3 ×NH4
+ − N+ β4 × pH+ ε (1) 

Fluxijk is the CO2 flux at Site i, during Month j, in Year k. Sitei (i = 1, 2, 
3, 4) is a categorical variable (with 4 levels corresponding to study sites) 
that controls for extraneous factors that may differ across sites such as 
unmeasured soil characteristics, amounts of sunlight, etc. Monthj (j = 1, 
2, …, 4) is a categorical variable (with 4 levels corresponding to June, 
July, August, and September) that is used to statistically test for a sea
sonal effect on CO2 flux. Yeark (k = 1, 2, …, 7) is a categorical variable 
(with 7 levels corresponding to the years 2015–2021) and is used to 
statistically test for yearly changes in CO2 flux levels over the duration of 
the study. PO4

3− -P, Organic C (SOC), and NH4
+-N are the values of those 

soil variables associated with the CO2 flux observation, pH is the active 
soil pH or exchangeable pH, and ε is a random error term assumed to 
follow a normal distribution that is homoscedastic (i.e. whose standard 
deviation does not change with the explanatory variables in the model).

To evaluate the relationship between CO2 flux and the soil texture 
variables (percent clay, percent silt, and percent sand), we first fitted the 
model. 

Fluxijk = Monthj +Yeark + β1 ×Clayi + ε (2) 

where Fluxijk, Monthj, Yeark, and ε are as defined previously, and Clayi is 
the percent clay in the soil at Site i. Then separately, we fitted the same 
model but with percent Sand replacing Clay. Finally, we fitted the same 

Fig. 1. Study location in Rocky Mountain National Park, Colorado, USA. The location of the park within the state of Colorado is shown in a), the location of the sites 
within the park is shown in b), and a detailed view of the sites is shown in c).
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model but with percent Silt replacing Clay. The three models were fitted 
separately (rather than fitting a single model including Sand, Silt, and 
Clay) to alleviate problems due to multicollinearity. Site was omitted 
from these models because Site was confounded with Sand, Silt, and 
Clay (the texture did not fluctuate over visitation dates like the other soil 
variables did).

To investigate the relationship between CO2 flux and the two 
explanatory variables soil temperature and soil moisture, we first fitted 
the full multiple regression model. 

Fluxijk = Sitei +Monthj +Yeark + β1 ×Temp+ β2 ×Moist 

+ β3 ×Temp2 + β4 ×Moist2
+ β5 ×Temp : Moist+ ε (3) 

where Fluxijk, Sitei, Monthj, Yeark, and ε are as defined previously. Temp 
and Moist are the soil temperature and soil moisture associated with the 
CO2 flux observation. Their quadratic terms are included so CO2 flux 
isn’t constrained to follow a strict linear relationship to soil temperature 
and soil moisture, but instead can rise and then fall again as these var
iables become too high. Both soil temperature and soil moisture were 
centered (by subtracting the mean from each observation) prior to 
model fitting, as is commonly done in quadratic regression analyses, to 
alleviate multicollinearity (Kutner et al., 2004). Temp:Moist is the 
interaction effect between soil temperature and soil moisture, and it 
allows for the possibility that the effect of either of these variables may 
be different depending on the level of the other one.

Finally, to investigate whether organic C (SOC) was changing over 
time, we fitted the model 

Organic Cijk = Sitei +Monthj +Yeark + ε (4) 

where Organic Cijk, is the organic C (SOC) at Site i, during Month j, in 
Year k, and Sitei, Monthj, Yeark, and ε are as defined previously. The 
statistical significance of the Yeark term in this model is of interest 
because it indicates whether organic C (SOC) changed over the study 
years.

Observations made close together in space and time are often 
correlated. To account for this spatio-temporal correlation, we fitted the 
models using generalized least squares (GLS), which allows for corre
lated observations, with a Gaussian spatio-temporal correlation struc
ture (Wikle et al., 2019). This says the correlation between two CO2 flux 
observations Ya and Yb a spatio-temporal distance dst apart in space and 
time is 

cor(Ya,Yb) = e− (dst/r)
2

, (5) 

where the range parameter r controls the spatio-temporal extent of the 
correlation. A larger r value means the correlation extends farther (de
cays more slowly) over space and time. As mentioned in Wikle et al. 
(2019), we need to appropriately scale time to make Euclidean distance 
across space and time meaningful. Denoting the scaling factor by τ, 
following Liu et al. (2017) the spatio-temporal distance dst between a 
location sa on day ta and another location sb on a different day tb is a 
combination of the spatial distance ds (meters) and temporal distance dt 

(days), 

dst =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ds)
2
+
(
τ × dt

)2
√

(6) 

where τ is the time-scaling factor that balances the different scales of 
spatial and temporal distances. If τ was equal to 1, the correlation be
tween two CO2 flux values one meter apart (on the same day) would be 
the same as the correlation between two CO2 flux values one day apart 
(at the same location). For larger values of τ, the correlation between 
two CO2 flux values one meter apart would be the same as the correla
tion between two CO2 flux values less than one day apart. We selected 
the values of r and τ using maximum likelihood and fitted the models to 
the data in R using the “nlme” package (Pinheiro et al., 2025).

In addition to fitting the full model (3), we fitted submodels obtained 

by dropping one or more of the soil temperature and soil moisture terms 
from the full model (but retaining the site, month, and year terms). We 
evaluated the adequacy of the fitted models using the Akaike Informa
tion Criterion (AIC), a widely used statistical measure of the (relative) 
quality of different models, and the (pseudo) R-squared measure of 
Nagelkerke, which, unlike the standard R-squared, can be used with GLS 
models. Models with lower AIC values and ones with higher (pseudo) R- 
squared values are deemed better suited for explaining CO2 flux 
variation.

Statistical significance of all model terms was assessed using 
regression t-tests at the 0.05 significance level. We checked the 
normality and homoscedasticity assumptions for the error term ε via 
plots of residuals.

2.4. Geospatial analysis

To evaluate the larger impacts of predicted climatic changes in 
Rocky Mountain National Park and the Southern Rocky Mountains, four 
variables were selected for mapping – Snow Water Equivalence 
(Snowfall), Soil Water Storage, Daily Maximum Air Temperature, and 
the number of Snow-Free Days within one year. Snowfall in Rocky 
Mountain National Park is critical for the high-mountain habitat in the 
park and meltwater from the snowpack constitutes the headwaters for 
various rivers including the Colorado River. Soil water storage (soil 
moisture) is critical for plant growth and productivity. Daily Maximum 
Air Temperature values indicate how quickly snow may melt. Snow-free 
Days indicate how much of the year areas will be clear of snow.

Downscaled data from the Northern Rocky Mountain Science Center 
and the Northwest Climate Science Center that included predictions for 
the 2090–2099 time frame were pulled (Table 1). Python and Jupyter 
Notebook were used to extract and collate data. For the first three var
iables (Snow Water Equivalent, Soil Water Storage, and Daily Maximum 
Air Temperature), historically computed values between 1950-and 1999 
were compared with prediction values in the decade 2090–2099. The 
last variable, Snow-free Days, compares the pre-industrial predictions 
for snow-free days with climate change predictions during the 
2071–2100 time period. Where possible, data with the finest resolution 
designated in the northern Colorado area was chosen.

3. Results

3.1. Statistical results

Site 1 had the highest mean soil respiration rate, soil moisture, NH4
+- 

N concentration, and SOC concentration. Site 2 had the lowest soil 

Table 1 
Data used for geospatial analysis, including the model, dataset(s) and spatial 
resolution for each parameter.

Variable Model Dataset(s) Spatial 
Resolution

Snowfall as Snow 
Water Equivalent 
(mm)

CMPI5, 
MACAv2, 
RCP8.5

1950–2005, 2006–2099. 
Northern Rocky Mountain 
Science Center (Alder and 
Hostetler, 2021).

4 km

Soil Water Storage 
(%)

CMPI5, 
MACAv2, 
RCP8.5

1950–2005, 2006–2099. 
Northern Rocky Mountain 
Science Center (Alder and 
Hostetler, 2021).

4 km

Daily Maximum 
Air Temperature 
(Celsius)

CMIP5, 
MACAv2, 
RCP4.5

1950–2005, 2006–2099. 
Northwest Climate Science 
Center (Abatzoglou, 2014).

4 km

Snow-Free Days CMIP5, 
RCP8.5

PRE and PGW SnowClim 
v1.0 High-resolution snow 
model for the western 
United States. Northwest 
Climate Science Center (
Abatzoglou et al., 2022).

210 m
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moisture, PO4
3− -P, NH4

+-N, and SOC. Site 3 had the lowest mean soil 
respiration rate and the highest mean soil temperature, active soil pH, 
and exchangeable soil pH. Site 3 was also the only loam; the other sites 
were sandy loams (Table 2).

The model (1) fitted to PO4
3− -P, organic C (SOC), NH4

+-N, and active 
or exchangeable pH did not result in any statistically significant asso
ciations between these variables and CO2 flux (p > 0.05). However, the 
model (2) fitted separately to percent clay and percent sand revealed 
CO2 flux had a statistically significant positive relationship to clay and a 
statistically significant negative relationship to sand (p < 0.05). Percent 
silt was not significant (p > 0.05).

The models that were fitted to the soil temperature and soil moisture 
data are listed in Table 3 along with their AIC and (pseudo) R-squared 
values. The fitted full model (3) (M13 in Table 3) is shown in Fig. 2. Plots 
of CO2 flux separately versus soil temperature and soil moisture, with 
fitted quadratic models (M5 and M6, respectively, in Table 3), are shown 
in Figs. 3 and 4. Four models stood out as superior based on their low 
AIC values. All four standout models had AIC values within about 2 of 
each other, implying they can be considered equally adequate for 
explaining CO2 flux variation (Burnham and Anderson, 2002).

All four lowest-AIC models (M7, M10, M11, and M13 in Table 3) 
included soil moisture and both a linear and a quadratic soil temperature 
term, and in all four models these terms were statistically significantly 
related to CO2 flux. The importance of the quadratic soil temperature 
term may be due to just a few low CO2 flux observations at relatively 
high soil temperatures (Figs. 2 and 3). Two of the models (M10 and 
M13) also included a quadratic soil moisture term, and two (M11 and 
M13) included an interaction effect between soil temperature and soil 
moisture. Thus, it’s clear that CO2 flux is related to both soil temperature 
and soil moisture, and it may exhibit a quadratic relationship to soil 
temperature. Furthermore, there are indications that CO2 flux may also 
exhibit a mild quadratic relationship to soil moisture too, and that the 
effect of soil moisture on CO2 flux may differ slightly depending on the 
soil temperature, and vice versa.

Although CO2 flux was found to change statistically significantly 
across years in all four lowest-AIC models, the pattern of change was not 
a steady increase over the years, but rather a drop in 2020 followed by a 
rise in 2021.

The model (4) used to assess changes in organic C (SOC) over the 
study years did not reveal any statistically significant change in organic 
C over the years.

Plots of the residuals indicated that the normality and homoscedas
ticity assumptions for the errors ε were met for all models.

Our soil temperature readings indicate that none of our sites con
tained permafrost within the upper 15 cm, as we recorded above- 
freezing temperatures at all locations on a yearly basis (Table 2).

3.2. Geospatial analysis results

Using the climate prediction data, it appears that by the end of the 
century, the average daily maximum air temperature will increase by 
3–3.5 ◦C for all locations within Rocky Mountain National Park (Fig. 5). 
In addition, nearly all locations within the park will receive less snowfall 
on an annual basis, with a decrease of over 200 mm for about half the 
area (Fig. 6). Many areas in the park will also have more snow-free days 
per year (Fig. 7). Finally, soil moisture will decrease in all areas within 
the park (Fig. 8).

4. Discussion

Heterotrophic soil respiration is driven by soil microbial activity 
which can be influenced by a range of parameters, including soil tem
perature, soil moisture, nutrient availability, soil texture, and soil pH 
(Davidson and Janssens, 2006; Giesler et al., 2012; Guo et al., 2022; Liu 
et al., 2009; Moyano et al., 2012). However, in this investigation, we 
found that through the snow-free period, soil temperature, soil moisture, 
and soil texture were the only variables correlated with soil respiration.

Considering the four best fit models (M7, M10, M11, M13 in 
Table 3), it appears that the relationship between soil respiration and 
soil temperature and soil respiration and soil moisture in this system 
may be quadratic and there may be an interaction between soil tem
perature and soil moisture.

In this study, soil respiration was suppressed at high and low soil 
temperatures (Fig. 3). Our highest soil temperature readings, over 15 ◦C, 
were observed at site 2, which is a south-facing fellfield site, and site 3, a 
meadow. While 15 ◦C is not generally considered exceptionally high, in 
the alpine tundra, it may represent a sufficient deviation from the norm 
to suppress soil respiration. Soil temperature measurements over 15 ◦C 
represented less than 2 % of all observed soil temperatures and were 
relatively rare. The mean soil temperature measured during the snow- 
free period across all sites and study years was 6.8 ◦C. Others have 
observed lower heterotrophic respiration at high soil temperatures 
(Carey et al., 2016; Pietikainen et al., 2005). Carey et al. (2016) hy
pothesized that at higher soil temperatures, there was a decrease in 
microbial enzymatic activities due to physiological limitations due to 
heat.

While many studies have found a positive relationship between soil 
respiration and soil moisture (Liu et al., 2009; Orchard and Cook, 1983; 
Smith, 2005), it appears that in some cases, soils with exceptionally high 
soil moisture contents may display limited soil respiration. Knowles 
et al. (2015) found that in wet alpine tundra systems, soil respiration 
was limited when soil moisture increased beyond a threshold point of 38 
%. The authors theorize that respiration was suppressed at high soil 
moisture values due to oxygen limitations. Similarly, Sun et al. (2021)
found wet meadows with shallow groundwater and nearly saturated 

Table 2 
Summary statistics for CO2 flux (soil respiration), soil temperature, soil moisture, PO4

3− -P concentration, NH4
+-N -N concentration, organic carbon (SOC) concentration, 

active and exchangeable pH, and soil texture by study site for the full seven-year study.

Variable Site 1 Site 2 Site 3 Site 4

Mean (SD) Range Mean (SD) Range Mean (SD) Range Mean (SD) Range

CO2 flux (μmol CO2 /m2/s) 1.67 (0.52) 0.79, 2.73 1.29 (0.44) 0.37, 2.08 1.14 (0.58) 0.41, 2.33 1.32 (0.41) 0.74, 2.13
Soil Temperature (◦C) 5.34 (2.33) − 0.14, 11.70 7.74 (2.71) 3.70, 18.45 8.32 (2.82) 2.00, 15.35 7.32 (2.20) 2.65, 11.65
Soil Moisture (%) 49.05 (24.91) 6.43, 100.00 14.70 (9.80) 3.25, 38.23 16.75 (10.45) 3.10, 39.25 23.20 (10.62) 4.25, 53.58
PO4

3− -P (μg PO4
3− -P/ g soil) 4.00 (3.16) 1.00, 16.30 2.81 (3.36) 0.03, 16.93 3.34 (1.48) 0.88, 5.85 3.37 (2.38) 0.18, 10.10

NH4
+-N (μg NH4

+-N/ g soil) 20.65 (8.53) 4.40, 36.18 10.92 (5.07) 3.59, 24.72 14.31 (7.95) 4.88, 31.04 17.87 (6.68) 8.91, 33.13
SOC (μg C/ g soil) 12.07 (2.76) 5.18, 15.09 4.65 (0.97) 3.12, 6.81 11.51 (2.19) 8.31, 15.16 9.29 (2.46) 5.31, 12.56
pH Active 4.85 (0.21) 4.11, 5.08 5.08 (0.47) 3.96, 6.77 5.48 (0.49) 4.33, 6.18 4.91 (0.45) 3.51, 5.39
pH Exchangeable 3.61 (0.12) 3.41, 3.94 3.79 (0.09) 3.64, 3.97 4.40 (0.40) 3.73, 5.02 3.75 (0.19) 3.30, 4.00
Texture (% sand) 58.40 (5.27) 66.59, 49.25 71.27 (3.87) 77.01, 61.72 50.23 (7.81) 72.48, 41.59 54.44 (2.83) 62.08, 50.15
Texture (% silt) 29.89 (5.14) 38.99, 20.33 19.73 (2.98) 30.60, 14.67 37.56 (8.31) 48.83, 22.08 33.58 (2.06) 37.29, 29.92
Texture (% clay) 11.71 (1.64) 13.76, 7.76 9.00 (1.59) 12.76, 7.00 12.21 (2.82) 7.76, 2.82 11.98 (1.55) 14.36, 8.00
Texture Classification sandy loam sandy loam loam sandy loam
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conditions had limited soil respiration. In this study, however, we found 
that soil respiration was elevated in the wet meadow site which had the 
highest levels of soil moisture (Fig. 4). During the growing season, soil 
was saturated 1–2 months each year in this site. This timeframe might be 

Table 3 
Results of multiple regression model fitting with CO2 flux (soil respiration) as the response variable. For each categorical variable in a model, regression F test results (F 
statistic and p-value) are reported. For each term involving a numerical variable, the estimated regression coefficient and regression t-test p-value are reported. A blank 
cell indicates the term was not included in that model. Bold font indicates the term was found to be a significant predictor of CO2 flux at the 0.05 significance level. The 
four lowest-AIC models, which are also the highest (pseudo) R-squared ones, are indicated by asterisks.

Model
Model Terms R2, AIC

Categorical (F, p-value) Numerical (coefficient, p-value)

Site Month Year Temp Moist Temp2 Moist2 Temp:Moist

M1 12.71, 
0.0000

28.96, 
0.0000

14.80, 
0.0000

0.77, 
114.7

M2 13.26, 
0.0000

20.42, 
0.0000

16.53, 
0.0000

0.035, 
0.0128

0.83, 
86.6

M3 1.55, 
0.2060

24.07, 
0.0000

8.78, 
0.0000

0.007, 
0.0037

0.83, 
92.9

M4 2.25, 
0.0886

16.83, 
0.0000

9.15, 
0.0000

0.043, 
0.0043

0.009, 
0.0031

0.90, 
63.6

M5 14.69, 
0.0000

18.46, 
0.0000

16.71, 
0.0000

0.040, 
0.0048

− 0.004, 
0.0469

0.85, 
84.1

M6 1.11, 
0.3495

24.08, 
0.0000

7.49, 
0.0000

0.009, 
0.0144

− 0.000, 
0.4323

0.83, 
94.2

M7* 2.15, 
0.0999

12.55, 
0.0000

9.15, 
0.0000

0.052, 
0.0004

0.011, 
0.0002

− 0.007, 
0.0038

0.94, 
55.5

M8 1.71, 
0.1705

17.02, 
0.0000

6.98, 
0.0000

0.044, 
0.0036

0.012, 
0.0066

− 0.000, 
0.2760

0.91, 
64.1

M9 2.09, 
0.1082

16.29, 
0.0000

8.26, 
0.0000

0.042, 
0.0045

0.010, 
0.0030

0.000, 
0.3804

0.91, 
64.6

M10* 1.88, 
0.1385

12.50, 
0.0000

7.37, 
0.0000

0.052, 
0.0004

0.013, 
0.0030

− 0.007, 
0.0064

− 0.000, 
0.5479

0.94, 
57.1

M11* 2.20, 
0.0941

12.11, 
0.0000

9.16, 
0.0000

0.054, 
0.0003

0.010, 
0.0022

− 0.008, 
0.0043

− 0.001, 
0.4172

0.94, 
56.7

M12 1.72, 
0.1695

16.36, 
0.0000

6.92, 
0.0000

0.043, 
0.0040

0.012, 
0.0075

− 0.000, 
0.4769

0.000 
0.7598

0.91, 
66.0

M13* 1.73, 
0.1674

12.02, 
0.0000

7.26, 
0.0000

0.057, 
0.0002

0.014, 
0.0018

− 0.009, 
0.0023

− 0.000, 
0.1904

− 0.001, 
0.1565

0.95, 
56.6

R2 = Pseudo R-squared value of Nagerleke; AIC = Akaike Information Criterion.

Fig. 2. Contour plot showing the full multiple regression model (3) (M13 in 
Table 3) fitted response surface, with soil respiration (CO2 flux) as the response 
variable. Locations of points in the plot indicate the observed soil temperature 
and soil moisture values, their sizes indicate the observed CO2 flux values, and 
their colors indicate sites at which the observations were made. There were no 
observations in the upper right section of the plot.

Fig. 3. Plot of observed CO2 flux values (soil respiration) versus soil temper
ature, with fitted quadratic curve (M5 in Table 3) by site. Colors indicate sites at 
which the observations were made.
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short enough to limit the formation of truly anoxic conditions. In addi
tion, others found that soil respiration was suppressed at high soil 
moisture concentrations in soils with high clay content (Moyano et al., 
2012; Xu et al., 2016). The soil in site 1 was a sandy loam and thus, did 
not have a particularly high clay content (Table 2).

The lower rates of soil respiration recorded at high soil temperatures 
could possibly be explained by an interaction between soil temperature 
and soil moisture. The highest soil temperatures were recorded in areas 

with low soil moisture (Fig. 2), which is known to suppress soil respi
ration (Liu et al., 2009; Orchard and Cook, 1983; Smith, 2005). Indeed, 
we found that models that incorporated the interaction between soil 
temperature and soil moisture (M11 and M13 in Table 3) explained the 
data equally well compared to those that did not incorporate the inter
action term (M7 and M10 in Table 3). Averaged across all sites and 
years, soil temperature was highest in August and lowest in June. This 
relationship is the opposite of soil moisture which was highest in June 
and lowest in August. It appears that soil temperature and soil moisture 
may influence soil respiration, with each playing a more important role 
at different times through the summer.

Soil moisture in this system is strongly dependent on snowmelt and it 
generally peaks with melting snow in early summer (Harpold and 
Molotch, 2015; Jay et al., 2023). The sites were clear of snow in mid- 
June except in 2019 when the area experienced an above-average 
snowpack (Natural Resource Conservation Service, 2019) and snow 
remained in sites 1 and 4 until July.

These results suggest that with a changing climate, soil respiration 
may increase with warming, but the overall increase may be limited by 
decreased soil moisture (Liu et al., 2009; Orchard and Cook, 1983; 
Smith, 2005) and in some cases, abnormally high soil temperatures 
(Carey et al., 2016; Pietikainen et al., 2005). Our geospatial analysis 
indicates that in Rocky Mountain National Park, the average annual 
maximum air temperature will increase through the end of the century 
(Fig. 5). However, the average annual snowfall will decrease (Fig. 6) and 
the number of snow-free days will increase (Fig. 7). Consequently, we 
also noted a decrease in annual soil moisture (Fig. 8). From these 
modeling results and our field data, it appears that with a changing 
climate, SOC losses due to increased heterotopic soil respiration may be 
limited. While soil temperatures will become more favorable for mi
crobial decomposition, soil moisture availability, especially in mid to 
late summer, may suppress microbial activity for much of the snow-free 
period.

Texture (% sand and % clay) were significantly related to CO2 flux. 
Percent clay was positively related to CO2 flux and percent sand was 
negatively related. This result may be related to the effect of the soil’s 

Fig. 4. Plot of observed CO2 flux (soil respiration) values versus soil moisture, 
with fitted quadratic curve (M6 in Table 3) by site. Colors indicate sites at 
which the observations were made.

Fig. 5. Average Annual Difference in Daily Maximum Air Temperature between 1950 and 1999 and 2090–2099 for Rocky Mountain National Park in degrees 
Celsius. All areas of RMNP are expected to increase at least 3 degrees Celsius (Abatzoglou, 2014).
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nutrient and water holding capacity, with clay enhancing these pa
rameters and sand decreasing them. Soils with greater nutrients and soil 
water are likely more favorable to microbes which in turn would result 
in higher CO2 flux from these soils (Geering and So, 2017).

In this study, NH4
+-N, PO4

3− -P, active pH, and exchangeable pH were 
not significantly correlated with soil respiration. While these parameters 
have been shown to influence microbial growth and heterotrophic soil 

respiration, many of these studies were conducted in laboratory settings 
with very controlled environments (Craine et al., 2007; Giesler et al., 
2012; Guo et al., 2022; Xu et al., 2016). It may be that in a natural 
setting, soil temperature and soil moisture more strongly influence 
respiration than the relatively subtle influence of nutrients or pH.

Across the seven years of this study, we did not detect a significant 
change in SOC. This result may indicate that SOC is not being lost at a 

Fig. 6. Average Annual Difference in Snowfall (mm) between 1950 and 1999 and 2090–2099 for Rocky Mountain National Park. Most areas will see a decrease in 
snowfall (Alder and Hostetler, 2021).

Fig. 7. Change in Annual Snow-Free Days for Rocky Mountain National Park during the period 2071–2100 compared to pre-climate change estimates using CMIP5. 
Areas in red indicate more snow-free days, while areas in blue represent fewer snow-free days (Abatzoglou et al., 2022).
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rapid rate from this system, although seven years is a reasonably short 
period of time. Compared to SOC levels measured in the Southern Rocky 
Mountain tundra by Retzler in 1974 (2.79–17.22 %) and Birkeland et al. 
in 1987 (0.12–13.34 %), the levels of SOC we found in this study 
(0.15–30.9 %) ranged slightly higher. However, 93 % of the samples fell 
within the range found by Retzler and Birkland et al. (0.012–17.22 %). 
The samples in this study with SOC above 17.22 % were rare, found in 
only 7 % of samples, but were recorded in all 4 sites at least once 
(Table 2). Taken together, these results seem to suggest that SOC may be 
reasonably stable in this system, at least at this time.

5. Conclusion

From our data, it appears that SOC may be more stable than expected 
in some alpine tundra systems. In high alpine areas in Rocky Mountain 
National Park, climate modeling indicates that by the end of the century, 
the area is expected to become hotter and drier, especially in late 
summer. Our data indicate that soil respiration may be limited under 
low soil moisture conditions and high soil temperature. These soil con
ditions likely limit microbial growth and activity which in turn may 
limit SOC loss. Our data also appear to show that in natural systems, SOC 
decomposition and C loss are driven most strongly by soil temperature 
and soil moisture. Other parameters including soil nutrients and pH may 
play a role in soil respiration, but in our system, it appears that their 
impact is swamped by the overwhelming influence of soil temperature 
and soil moisture.
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