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Abstract Landscape carbon (C) flux estimates help assess the ability of terrestrial ecosystems to buffer
further increases in anthropogenic carbon dioxide (CO2) emissions. Advances in remote sensing have led
to coarse-scale estimates of gross primary productivity (GPP; e.g., MODIS 17), yet efforts to develop spatial
respiration products are lacking. Here we demonstrate a method to predict growing season soil respiration at
a regional scale in a mixed subalpine ecosystem. We related field measurements (n = 396) of growing season
soil respiration mostly from subalpine forests in the Southern Rocky Mountains ecoregion to a suite of
biophysical predictors using a Random Forest model (30-m pixel size). We found that Landsat Enhanced
Vegetation Index, growing season aridity index, temperature, precipitation, elevation, and slope aspect
explained spatiotemporal variability in soil respiration. Ourmodel had a psuedo-r2 of 0.45 and root-mean-square
error of roughly one quarter of the mean value of respiration. Predicted growing season soil respiration
across the region was remarkably consistent across 2004, 2005, and 2006 (150-day sums of 542.8, 544.3, and
536.5 g C/m2, respectively). Yet we observed substantial variability in spatial patterns of soil respiration
predictions that varied among years, suggesting that our method is sensitive to changes in respiration drivers.
Mean predicted growing season soil respiration was 73% of MODIS GPP, while predicted soil respiration was
generally within 20% of nocturnal net ecosystem exchange from nearby eddy covariance towers. Thus,
geospatial and remotely sensed data sets can be used to estimate soil respiration at landscape scales.

Plain Language Summary Soil respiration returns carbon dioxide back to the atmosphere and is an
important part of the carbon cycle, but estimates of soil respiration across large landscapes are difficult to
come by. Soil respiration is sensitive to changes in climate and vegetation, which are available as mapped
data products, thanks to remote sensing and geospatial technology. We developed a statistical model that
mapped soil respiration across three forests and an entire region based on climate and vegetation spatial
data. While this work was limited to subalpine forests in the Southern Rocky Mountains, our method can be
used in other ecosystems to better understand how ecosystems interact with atmospheric carbon dioxide.

1. Introduction

Reporting requirements for national carbon budgets rely on accurate estimates of ecosystem C fluxes across
multiple regions. This need for large-scale data cannot be fulfilled by field measurements alone due to meth-
odological limitations; field measurements are usually conducted at small spatial scales with low areal cover-
age that may not represent the diversity and relative proportions of ecosystem condition. For example, eddy
covariance (EC) studies that estimate net ecosystem C exchange capture areas up to 1 km2 but relatively few
exist due to the high cost of constructing and maintaining EC towers (Schuepp et al., 1990), whereas indivi-
dual chamber-basedmeasurements are<1m2 andmust be repeated across the landscape to increase spatial
coverage. This disconnect between information provided by ground-based measurements and large-scale
data needs can be addressed with remote sensing and geospatial modeling. Advances over the past several
decades have allowed for spatially continuous, large-scale estimates of gross and net primary productivity
using MODIS satellite imagery (Running et al., 2004). However, ecosystem C sequestration depends upon
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net balance of carbon gain and loss (Chapin et al., 2006), which requires accurate estimates of not only pro-
ductivity but also respiration by both plants and heterotrophs.

Respiration can be predicted across space or time based on values of known controls, using two general
approaches: employing ecosystem models to represent processes involved in respiration, or using field mea-
surements to construct empirical (statistical) models. Biome-BGC, DayCent, LANDIS-II/Century, Community
Land Model (CLM) 4.5, and FöBAAR are examples of process-based models that have been used to calculate
productivity and respiration spatially (Carbone et al., 2016; Duarte et al., 2017; Hibbard et al., 2005; Parton
et al., 1994; Scheller et al., 2007, 2011). However, process-based models are limited in how they handle
landscape-level heterogeneity of respiration. For example, their accuracy is sensitive to parameters such as
soil C pool turnover times, which are rarely measured and instead are assigned constant values over space
(Bonan et al., 2013; Keenan et al., 2013). In addition, they can be time intensive to parameterize and calibrate.
Finally, applying them across large areas at high spatial resolution is computationally expensive due to their
substantial processing and data requirements. Alternatively, simple statistical models have lower computa-
tional costs and therefore are more feasible for application across large spatial extents, provided adequate
representation of field measurements to inform model development. In fact, such models have already been
utilized as surrogates for calibrating process-based models (Xu et al., 2018).

Measuring respiration from the whole ecosystem is technically challenging, requiring either EC towers or
stem/foliar respiration chamber measurements that must be converted to projected ground area; thus, data
are limited (Cavaleri et al., 2008; Speckman et al., 2015). However, soil respiration is more widely measured
than aboveground respiration, due to its simple and scalable soil chamber methodology (unlike above-
ground respiration). Soil respiration makes up much of forest ecosystem respiration, resulting primarily from
root and mycorrhizal respiration and soil heterotrophic metabolism of root exudates and soil organic matter
(Bond-Lamberty et al., 2004; Davidson et al., 2006; Gaudinski et al., 2000; Jian et al., 2018). Soil respiration is
the largest natural flux of CO2 to the atmosphere (Bond-Lamberty & Thomson, 2010b) and is sensitive to
weather (Davidson et al., 1998), nutrient supply (Butnor et al., 2003), and carbon substrate supply
(Cleveland et al., 2007) and, as with ecosystem respiration, is related to productivity at global scales
(Reichstein et al., 2003). In addition to productivity, C substrate, microbial biomass and fine roots in soil
and forest floor relate to characteristics identifiable via remote sensing, such as leaf area index (LAI;
Bradford et al., 2009). Thus, soil respiration, even over broad, heterogeneous landscapes, has the potential
to be accurately predicted given enough spatial information about variables related to forest productivity,
soil properties, and climate.

The availability of spatially continuous data sets of ecosystem properties and environmental variables impor-
tant for respiration provides an opportunity to predict soil respiration across large areas. Previously, annual
soil respiration was predicted in northern latitudes using MODIS Normalized Difference Vegetation Index
(NDVI), air temperature and precipitation (Bond-Lamberty et al., 2012). Wu et al. (2014) used MODIS-derived
NDVI, LAI, and surface temperature to predict daily and 8-day summed soil respiration for forests in

Saskatchewan, Canada. These studies had good predictive ability (r2 > 0.6) yet covered large areas at coarse
spatial resolution (1 km) across relatively homogenous forest types and topography. Estimating soil respira-
tion across complex terrain is complicated by steep gradients in climate and forest biomass over short dis-
tances (Swetnam et al., 2017). Thus, combining greenness measures with other spatial data sets on
topography and climate (e.g., PRISM Climate Group, 2017) may allow for accurate predictions of forest soil
respiration across mountainous regions.

In the Rocky Mountains, subalpine forests are a regionally important ecosystem for C sequestration and sen-
sitive to future changes in snowpack amount and duration (Schimel et al., 2002; Sexstone et al., 2018;
Winchell et al., 2016). Previous efforts within subalpine forests have focused on characterizing C pools and
fluxes across individual sites (Bradford et al., 2008; Liang et al., 2016; Scott-Denton et al., 2013). Larger
landscape-scale assessments are lacking, but they would improve our understanding of how C flux-
environmental relationships gleaned at individual sites drive variability in regional C cycling. Mountainous
regions provide additional challenges over past respiration modeling efforts because complex topography
can create high spatial heterogeneity in climate, soil properties, and vegetation, all factors that influence soil
respiration. For this reason, Landsat imagery may be better suited for modeling soil respiration over complex
terrain because its 30-m resolution may better capture fine-scale heterogeneity in patterns of greenness than
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MODIS imagery (250-m to 1-km resolution). Here we combine Landsat imagery with spatial data sets on topo-
graphy and climate in a statistical framework to predict growing season soil respiration across subalpine
forests in the Southern Rocky Mountains. This work has three objectives:

1. Relate site-level measurements of growing season soil respiration to geospatial and remotely sensed data
for 2004–2006 in a statistical model;

2. Apply the predictive model to a subalpine forested area in the Southern Rocky Mountains to assess pat-
terns of spatial and interannual variability;

3. Compare interannual trends in site- and regional-scale predicted growing season soil respiration with
coincident EC respiration and MODIS-derived GPP.

2. Materials and Methods
2.1. Study Area

Field data came from 144 forest monitoring plots at three subalpine forest sites in the Southern Rocky
Mountains: the Glacier Lakes Ecosystem Experiments Site (GLEES), the Niwot Ridge Long-Term Ecological
Research site (Niwot), and the Fraser Experimental Forest (Fraser; Figure 1). GLEES (41°220N, 106°150W) is
located in the Snowy Range of southeastern Wyoming at 3,190-m elevation and has a mean annual tempera-
ture of 0.0 °C, with a mean January air temperature of �9.3 °C and mean July air temperature of 13.0 °C, and
mean annual precipitation of 1,200 mm with ~80% falling as snow. Niwot (40°20N, 105°330W) is located at
3,050-m elevation in the Front Range of Colorado just east of the Continental Divide and has a mean annual
temperature of 1.5 °C, withmean January air temperature of�6.4 °C andmean July air temperature of 14.0 °C,
and mean annual precipitation of 800 mm with ~60% falling as snow (Burns et al., 2015). Fraser (39°40N,
105°520W) is located at ~3,000-m elevation in the Front Range of Colorado just west of the Continental
Divide; it has amean annual air temperature of 0.6 °C, withmean January air temperature of�10 °C andmean
July air temperature of 12.2 °C, and mean annual precipitation of about 750 mm, with 75% as snow (Rhoades
et al., 2017).

Soils at Niwot are mapped as a mixed Typic Humicryept formed on colluvium, eolian material, and glacial till
(Soil Survey Staff, NRCS). At Fraser, soils are mapped as loamy-skeletal, mixed, superactive Typic Dystrocryept
formed on till, slope alluvium, or colluvium (Soil Survey Staff, NRCS). Soils at GLEES are mapped as loamy-
skeletal, mixed, superactive Eutric Haplocryalfs developed on glacial till (Hopper & Walthall, 1992).

Plots were arranged in clusters of four following the plot design of the U.S. Department of Agriculture (USDA)
Forest Service Forest Inventory and Analysis Program, found to be statistically independent in a previous
study at the site (Bechtold & Patterson, 2005; Bradford et al., 2010). Twelve clusters were located at each of
the three sites, with nine located along a 250-m grid covering a 1-km2 area and three randomly located out-
side of the 1-km2 area (Figure 2). Most of these plots typified subalpine mixed conifer forest, with young
stands dominated by lodgepole pine (Pinus contorta Douglas ex Loudon) with a subalpine fir [Abies lasiocarpa
(Hook.) Nutt. var. lasiocarpa] and Engelmann spruce (Picea engelmannii Parry ex Engelm. var. engelmannii)
understory; mature stands were dominated by Engelmann spruce and subalpine fir. Eight of the 144 plots
were located in subalpine meadow, eight were located in subalpine wetland, and five were located in aspen
(Populus tremuloidesMichx.) stands. The measurements at GLEES and Niwot were made at plots near and sur-
rounding AmeriFlux EC towers (US-GLE and US-NR1).

2.2. Field Data Collection

For each year of the study (2004–2006), soil respiration was measured at three permanent collars (78.5-cm2

area per collar) per plot, evenly spaced 7 m from plot center, during the peak of the snow-free season (grow-
ing season). The growing season sampling period varied by year and site depending on snowmelt and snow
accumulation timing but typically began in late June and ended in September. Plots were sampled three to
four times each growing season sometime between 7 a.m. to 4 p.m. Respiration measurements used an opa-
que static survey chamber connected to an infrared gas analyzer (LI-820; Li-Cor Biosciences, Lincoln, NE, USA)
to measure the flux of CO2 from the soil surface at near-ambient CO2 concentrations (±20 ppm). Two conse-
cutive respiration cycles (each lasting from 30 to 60 s) were run and subsequent fluxes were averaged
together. Further details of flux measurements and respiration system can be found in Speckman et al.
(2015). Because the objective was to predict growing season respiration at an annual time step, for
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statistical models, mean plot respiration (Rs) was averaged across all sampling dates per year. Further details
of field sampling, including study design, can be found in Bradford et al. (2008) and Berryman et al. (2016).

2.3. Spatial Data

Based on previous research, we expected that soil respiration would vary spatially and from year-to-year
based on both coincident and time-lagged satellite greenness, air temperature, and precipitation, and topo-
graphy (Table 1; Bond-Lamberty et al., 2012; Wu et al., 2014). Lagged (1 year) and current year peak growing
season greenness were defined using the Enhanced Vegetation Index (EVI; Huete et al., 2002). The NDVI
(Tucker, 1979) was also tested; however, EVI was found to improve model performance compared to NDVI.

Figure 1. Distribution of soil respiration sampling locations (black triangles), the extent over which soil respiration was pre-
dicted, and the extent of subalpine forest type in the southern Rocky Mountain ecoregion.
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EVI is based on the algorithm for NDVI, except EVI better optimizes the vegetation signal and accounts for the
canopy background signal and distortions in the atmosphere (Huete et al., 2002). The Southern Rockies
subalpine forest types extend across 13 Landsat path/rows. Landsat Thematic Mapper (TM) and Enhanced

Thematic Mapper Plus (ETM+) images for these path/rows were
collected during the growing season (June–September) for 2003–2006.
The Landsat images were atmospherically corrected and converted to
surface reflectance values using the Landsat Ecosystem Disturbance
Adaptive Processing System (Masek et al., 2006). EVI was calculated from
the visible blue (Band 1), green (Band 3), and near-infrared (Band 4)
reflectance in the absence of cloud cover:

EVI ¼ 2:5� Band 4� Band 3ð Þ= Band 4þ 6� Band 3� 7:5� Band 1þ 1ð Þ
(1)

The function of mask (FMask) algorithmwas used tomask out clouds, cloud
shadows, and snow (Zhu & Woodcock, 2014). For Landsat 7 ETM+ images,
scan line corrector off pixels were also masked out. For each Landsat
path/row, images representing the peak growing season (July or August)
EVI were selected. Additional Landsat EVI images were mosaicked with
the original image to fill in data gaps. Clouds are common in mountainous
areas in the summer months necessitating the use of a relatively large
number of Landsat images (41, 54, 55, and 54 images in 2003, 2004,
2005, and 2006, respectively, across the 13 path/rows) across the study
area. Our compilation of maximum EVI was slightly varied across space
and time, because cloud cover necessitated the intermittent usage of
images outside of the expected peak in EVI (e.g., June or September). A list
of the Landsat images and dates used is in Table S1 in the
supporting information.

Minimum and maximum monthly air temperature and monthly precipita-
tion were obtained from PRISM (PRISM Climate Group, 2017) at 4-km reso-
lution for the years 2004–2006. Mean temperature was determined by
averaging the minimum and the maximum temperature. From these data,
mean growing season temperature for each year was calculated over the

Figure 2. Landscape sampling design of plots within clusters at (a) Fraser, (b) Niwot, and (c) GLEES. Background imagery is Landsat thematic mapper images from
summer 2006 (path 34 row 32 and path 35 row 31).

Table 1
Annual (2004–2006) Mean Growing Season (June–September) Rates of
Observed and Predicted Soil Respiration, MODIS GPP, MODIS Maintenance
Respiration, and Key Parameters Selected for in the Random Forest Model
Across the Entire Prediction Region

Data Year Minimum Maximum Mean
Standard
deviation

Observed mean
soil respiration

2004 1.76 6.60 3.49 0.93
2005 1.16 4.54 2.72 0.74
2006 1.46 8.14 3.93 1.13

Predicted mean
soil respiration

2004 1.81 5.29 3.49 0.37
2005 1.75 6.17 3.50 0.54
2006 2.27 5.30 3.45 0.38

MODIS GPP 2004 0.78 6.59 4.75 0.89
2005 0.90 6.51 4.85 0.93
2006 0.76 6.27 4.60 0.85

AI 2004 0.00 0.55 0.01 0.02
2005 0.00 0.57 0.15 0.10
2006 0.00 0.60 0.14 0.09

EVI 2003 0.12 0.61 0.22 0.07
2004 0.06 0.59 0.23 0.11
2005 0.11 0.66 0.23 0.09
2006 0.11 0.67 0.22 0.06

Summer
temperature
(May–Sep) (°C)

2004 2.59 13.42 8.10 1.32
2005 3.26 14.40 9.00 1.21
2006 3.20 14.80 9.27 1.23

Total precipitation
(Jan–Mar) (mm)

2004 28.14 273.98 140.09 44.79
2005 40.13 367.15 167.16 56.34
2006 23.66 427.43 178.18 76.00

Note. MODIS = moderate resolution imaging spectroradiometer; GPP =
gross primary productivity; AI = aridity index; EVI = Enhanced Vegetation
Index.
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time period from day of water year 210 (April 28/29) through 365/366 (September 30). The start and end
dates were intentionally broader than a normal growing season of the region to account for abnormal
early- and/or late-season warmth which may influence productivity and respiration. Monthly precipitation
was summed for the months of January, February, and March for each year to approximate trends in winter
snowfall.

Slope, elevation, and aspect were determined from a 10-m resolution digital elevation model (DEM) from the
U.S. Geological Survey (USGS) National Elevation Dataset (30-m spatial resolution). Aspect was transformed
into folded aspect (so higher values indicated more southerly slopes) to better relate to radiation load using
the following calculation (McCune & Keon, 2002):

Aspectfolded ¼ abs 180� abs aspect� 225ð Þð Þ (2)

Annual evapotranspiration (AET) and potential evapotranspiration (PET) were calculated and integrated into
a simple aridity index (AI): 1 = AET/PET. AI quantifies evaporative demand unmet by soil water, with higher
values indicating drier conditions. AET and PET were calculated using a monthly water balance that applied
a modified Thornthwaite approach in R (Lutz et al., 2010; Redmond, 2015; Redmond et al., 2017). The water
balance model required inputs of mean monthly temperature and precipitation, slope, aspect, latitude, and
soil available water capacity (AWC). AWC was derived from the Soil Survey Geographic database (SSURGO;
Soil Survey Staff, Natural Resources Conservation Service, NRCS, 2017). To quantify summer moisture stress,
we averaged AI for July, August, and September for each year. Other variables were also tested but not found
to improve model performance and therefore were not included in the final analysis. These variables
included nitrogen deposition (National Atmospheric Deposition Program, 2017), slope (USGS DEM), soil
and drainage characteristics collected from SSURGO (Soil Survey Staff, NRCS, 2017), and wetland
presence/absence, as mapped by the National Wetland Inventory dataset (United States Fish and Wildlife
Service, 2010).

Data sources coarser than 30 m in resolution (e.g., PRISM precipitation and temperature and AI) were
resampled to 30 m to match the resolution of the Landsat and DEM data using a two-step cubic convolution,
from 4 km to 1 km, then 1 km to 30m. We recognize that differences in the spatial resolution of the input data
sets can introduce uncertainty in the landscape predictions of soil respiration, particularly in areas that can be
expected to experience rapid changes in climate (e.g., sharp elevation changes). However, as greenness and
topography play a major role in influencing fine-scale patterns in soil respiration in mountainous regions
(Berryman et al., 2015; Riveros-Iregui et al., 2012) and both data sets were available at 30 m, our analysis
was run at 30-m resolution to maximize our ability to capture fine-scale spatial heterogeneity.

2.4. Statistical Modeling

We used a Random Forest model to estimate mean growing season soil respiration at each of the 144 plots
from each of the predictor variables discussed above (Breiman, 2001). This approach has previously been
used to model soil respiration across large regions (Bond-Lamberty et al., 2012). Random Forest models
use bootstrapping to employ hundreds or thousands of regression trees, each using a different random sub-
set of the full data set and a subset of all available predictors. The resulting predicted value represents the
mean of all the trees that were sampled. We chose to use a Random Forest model because it can generate
more accurate predictions than single classification and regression tree (CART) models (Breiman, 2001) and
it makes no prior assumptions about cause and effect relationships or correlations among variables that
are likely present with our data set (Hastie et al., 2009). For our model, 500 regression trees were generated
and we did not restrict the maximum number of nodes nor minimum sample size per node. Random Forest
models were run in R statistical software using the randomForest package, and the rfUtilities package was
used for variable selection, variable collinearity, and overfitting ratio tests (Murphy et al., 2010).

Our models were developed on annual time scales, similar to previous work (Bond-Lamberty et al., 2012),
because the influence of short-term variation in weather and phenology on subannual temporal patterns
of soil respiration could not be captured by the temporal resolution of the available spatial data sources
(e.g., EVI was only available at best once every 16 days and typically less often than that due to cloud cover).
Further, growing season soil respiration was previously found at these sites to be related to leaf area index
(Berryman et al., 2016), to which EVI is correlated (Gao et al., 2000; Huete et al., 2002).

10.1029/2018JG004613Journal of Geophysical Research: Biogeosciences

BERRYMAN ET AL. 3236



All possible predictor variables were included in initial Random Forest simulations, but only the most impor-
tant, nonredundant variables were included in the final version of the models. Variable selection (using row
standardization and multicollinearity tests), variable importance, model significance, and the overfitting ratio
were determined using the rfUtilities package in R (Murphy et al., 2010). Model fit was assessed by the out-of-
bag (i.e., not part of the bootstrap sample) pseudo-r2 and root-mean-square error (RMSE) of all the trees. This
approach to model performance was taken instead of splitting the data into independent training and vali-
dation data sets because of the limited number of observations (396). Model performance was also assessed
by comparing Random Forest RMSE to RMSE from a null model, wherein soil respiration was modeled as the
mean growing season soil respiration across all sites for each year from 2004 to 2006.

After model selection was complete, the Random Forest model was then used with continuous spatial data to
predict mean growing season soil respiration across the subalpine forest extent within the Southern Rocky
Mountains and the three sites contained within (Figure 1). Subalpine forest was defined using the USDA
Forest Service forest type map and limited to 120-Spruce/fir group and 280-Lodgepole pine group
(Ruefenacht et al., 2008). To ensure consistency with training data, only areas>2,800m in elevation were pre-
dicted. Predictions were further limited to the northern and eastern extent of the Southern Rocky Mountains
to avoid projecting to an area far from the geographical coverage of our training data (Figure 1).

2.5. Comparison Data Sets

Site-level mean observed and predicted growing season soil respiration were compared to colocated EC
towers at GLEES and Niwot (US-NR1 and US-GLE). Although there is currently an EC tower at Fraser, only
US-NR1 and US-GLE were active during the prediction years (2004–2006). We used nocturnal net ecosystem
exchange (NEE) measured by EC as a proxy for ecosystem respiration for comparison to predicted soil respira-
tion as previously done at GLEES (Speckman et al., 2015). (Note that EC nocturnal respiration was lower than
ecosystem respiration estimated by chambers in a study at GLEES; Speckman et al., 2015). Data collected at
low turbulence (u*) < 0.2 m/s were filtered out (Monson et al., 2002; Speckman et al., 2015). Nocturnal NEE
(from 19:30 to 5:30 MDT) was averaged at each site over a time period that aligned with soil respiration sam-
pling season which differed slightly from year to year and from site to site. No gap-filling algorithms were per-
formed on the data. Additional details regarding the preprocessing of EC data from Niwot and GLEES can be
found in Burns et al. (2015) and Frank et al. (2014).

The predicted growing season soil respiration for the entire study region was compared to MODIS GPP. The
MODIS GPP/NPP (MOD17) data are available every 8 days from 2001 to present (Zhao et al., 2005) at 1-km
resolution. We downloaded data for all available dates between June 1 and September 30 for 2004 through
2006 (16 dates per year) for the three image extents covering our study area (H10V04, H09V04, and H09V05).
Null values were excluded and values were averaged across the 16 dates and mosaicked across the three
image extents to create a GPP raster per year.

2.6. Analysis Summary

A number of analyses were made to address the research objectives for this study. First, summaries of soil
respiration measurements at the site level were made, including means and 95% confidence intervals of
the growing season soil respiration from all plots. Next, model fit statistics and accuracy metrics of the
Random Forest model were calculated and compared to the null model. From the Random Forest model, pre-
dictions of growing season soil respiration were generated for 2004–2006 for the subalpine zone of the
Southern Rocky Mountains. Additionally, uncertainty of pixel-level means was assessed by calculating the
Random Forest model 95% confidence intervals at each pixel using ModelMap in R (version 3.3.5; Freeman,
2009). We visually assessed the overall spatial and temporal patterns of the Random Forest model predictions
to determine how the patterns varied in relation to the predictor variables.

Finally, we compared summaries of soil respiration from the observed data and Random Forest predictions to
the EC tower nocturnal NEE and MODIS GPP data. Average predicted respiration for each site and growing
season was compared to average nocturnal NEE from each year and site (for GLEES and Niwot only; Fraser
was excluded because of lack of EC tower). Average predicted respiration for the subalpine forested region
for each year was compared to MODIS GPP for each year from the same area. From the entire predicted
region, we randomly selected 1,000 points in each of the 3 years and tested for significant linear correlations
between MODIS GPP and predicted soil respiration resampled to 1-km resolution using a nearest-neighbor
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algorithm (ɑ = 0.05). Points were at least 1 km from the edge of the study
area to ensure that the MODIS pixel adequately represented the appropri-
ate forest type.

3. Results

Mean measured growing season soil respiration across all sites and years
was 3.37 (±0.11 95% confidence interval (CI)) μmol·CO2·m

�2·s�1. Across
all sites, mean measured growing season soil respiration was 3.49 (±0.18)
μmol·CO2·m

�2·s�1 in 2004, 2.72 (±0.12) μmol·CO2·m
�2·s�1 in 2005, and

3.93 (±0.19) μmol·CO2·m
�2·s�1 in 2006. Across all years, mean measured

growing season soil respiration was 3.41 (±0.17) μmol·CO2·m
�2·s�1 at

Fraser, 3.28 (±0.22) μmol·CO2·m
�2·s�1 at GLEES, and 3.43 (±0.16)

μmol·CO2·m
�2·s�1 at Niwot.

The Random Forest model of growing season soil respiration had an out-
of-bag pseudo r2 of 0.45 and RMSE of 0.80 μmol·CO2·m

�2·s�1 or 24% of
the mean measured soil respiration (Figure 3). For comparison, the null
model (using the mean across all sites for each year) had a RMSE of
1.51 μmol·CO2·m

�2·s�1 or 45% of the mean measured soil respiration.

Average predicted growing season soil respiration for our prediction
region was 3.49 μmol·CO2·m

�2·s�1 (±0.37 standard deviation of all pixels) in 2004, 3.50 μmol·CO2·m
�2·s�1

(±0.54) in 2005, and 3.45 μmol·CO2·m
�2·s�1 (±0.38) in 2006. Predicted soil respiration varied spatially at both

the site level (Figure 4) and across the region of interest (Figure 5). Spatial patterns of respiration were differ-
ent from year to year, especially in the northern extent of the predictive region near GLEES in 2005 (Figure 6).
Large changes in predicted soil respiration across this area follow spatial changes in AI, winter precipitation,
and elevation, whereas EVI and GPP (for comparison) varied less (Figure 6). Uncertainty of the predictions at
the pixel level (95% confidence intervals) ranged from 0.04 to 0.20 μmol·CO2·m

�2·s�1.

Model input variables varied widely across sites and the region; however, the mean values of model inputs at
the site scale were similar to the mean values at the regional scale, with the exception of folded aspect, which
was more E and NW facing (i.e., wetter) at the sites than across the region. Across the extent of our prediction
region, EVI varied little from year to year. The other important predictors of soil respiration varied interannu-
ally. AI was low in 2004 compared to 2005 and 2006. Winter precipitation and summer temperatures were
lowest in 2004 and highest in 2006 (Table 1). These patterns, however, were not always consistent across
the entire study area.

Of the original 10 variables examined (see section 2), seven variables emerged as the most important for pre-
dicting soil respiration (Tables 1 and 2). Previous years’mean growing season EVI and the mean growing sea-
son AI were the most important variables selected in the Random Forest model (Table 2). Higher EVI and
winter precipitation tended to increase soil respiration, whereas soil respiration tended to be lower during
higher AI, on drier aspects, and at higher elevations (Figure 7).

3.1. Comparison to Eddy Covariance Respiration and MODIS GPP

At Niwot, observed and predicted values for soil respiration within the EC footprint were similar to each other
for all years; however, at GLEES, the observed values were lower than the predicted respiration values in 2004
and 2005 (Figure 8). Predicted soil respiration from the EC tower footprints at GLEES and Niwot was within
20% of nocturnal NEE measured by EC towers in all cases except at GLEES in 2005 (Figure 8). Predicted soil
respiration at GLEES was 143% of nocturnal NEE in 2005 compared to 84% in 2006. Predicted soil respiration
at Niwot was 117% of nocturnal NEE in 2004, 120% in 2005, and 113% in 2006.

Mean predicted soil respiration across the study region was 73%, 72%, and 75% of mean MODIS GPP for the
growing season (1 June to 30 September) in 2004, 2005, and 2006, respectively (Table 1). Interannual trends
in predicted soil respiration when averaged across the study area were similar to those of MODIS GPP, with
the lowest values for both occurring in 2006. However, there was no significant correlation between MODIS
GPP and predicted soil respiration.

Figure 3. Predicted versus observed growing season soil respiration
(μmol·CO2·m

�2·s�1) from random Forest model. Regression line between
predicted and observed values is shown, with the 95% confidence interval
(gray band). Dotted line is 1:1.
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4. Discussion

For regional carbon assessments, there is a need for landscape-scale estimates of respiration that reflect
spatiotemporal variability in biophysical and climatic drivers. Using field data, we modeled soil respiration
rates for 3 years across our study area at 30-m resolution, revealing spatial variability across mountainous
terrain where soil and vegetation characteristics reflect fine-scale changes in elevation, slope, and aspect.
Our work demonstrates that statistical models based on field measurements and remotely sensed data
sets can be used to map soil respiration. This approach takes advantage of a growing availability of geos-
patial data that can represent drivers of soil respiration. Further expansion of these data sets, covering a
wider range of environmental conditions (e.g., Soil Respiration Database; Bond-Lamberty & Thomson,
2010a), could increase the applicability of this method.

Figure 4. Distribution of predicted growing season soil respiration across the three sample locations and from 2004 to
2006. Minimap shows the location of sites within the extent of subalpine forest in the southern Rocky Mountains.
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Figure 5. The spatial distribution of the predicted growing season (June–September) soil respiration for 2004 through 2006
across the subalpine forests of the front range in the southern Rocky Mountains.

Figure 6. For 2005, a visual comparison between a spatial subset of the predicted soil respiration, corresponding indepen-
dent variables and MODIS gross primary productivity (GPP). DEM = digital elevation model; EVI = enhanced vegetation
index; MODIS = moderate resolution imaging spectroradiometer.
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We found that soil respiration was predicted with reasonable uncertainty by canopy greenness (EVI), topo-
graphy, and climate, in support of previous findings (Reichstein et al., 2003; Riveros-Iregui et al., 2012). This
is consistent with canopy-driven controls of soil respiration via photosynthesis and litter production
(Butnor et al., 2003; Hibbard et al., 2005; Reichstein et al., 2003). EVI is related to canopy seasonality and
leaf area index, so it was selected for use in our model as a proxy for substrate fueling respiration
(Huete et al., 2002). Canopy-correlated substrates are expected to represent both recently fixed photo-
synthates via root respiration/exudates that are respired within days or months and canopy and root litter
that is consumed over several years (Högberg et al., 2007; Sulzman et al., 2005). The selection of previous-
year’s EVI in our model is supported by findings of multiyear time lags between reductions in canopy
greenness and lower soil respiration in boreal forests (Bond-Lamberty et al., 2012). In addition to influen-
cing canopy variables, climate and topography are important drivers of decomposition rates and microbial
activity that contribute to soil respiration (Du et al., 2015). Thus, informed selection of predictor variables
that represent known drivers of ecosystem processes allowed us to build a model that reasonably pre-
dicted annual soil respiration across a large area. In addition, the relatively small-scale Landsat EVI may
have been more likely to capture microsite-scale heterogeneity of biophysical drivers of soil respiration
than MODIS. Yet we acknowledge that even at 30 m resolution, predictions are unlikely to capture fine-
scale gradients in soil moisture, microclimate conditions, and soil nutrients. Advancements in the availabil-
ity of remotely sensed data sets that reflect soil condition and canopy structure, as well as high-resolution
DEMs, could help improve our ability to predict fine-scale variability in soil respiration.

In addition to the utility of this approach for estimating regional-scale respiration, our paper also com-
pared two approaches to characterizing site-level soil respiration: by averaging measurements made by
field sampling and by using a model to spatially interpolate across each site. Consistent with previous esti-
mates of soil and forest floor decomposition at the three sites using the same sampling scheme, soil
respiration measurements were not significantly different across sites when averaged across all years
(Bradford et al., 2008). However, both observed and predicted respiration at the site level varied from year
to year. Furthermore, observed values were significantly lower than predicted for 2004 and 2005 at GLEES,
a highly heterogeneous site (Figure 8). The field sampling scheme used for these sites follows that of a
national forest inventory program and represents a systematic, moderate density (four plots per 6 ha)
approach for characterizing landscapes. These results suggest that this scheme may inadequately capture
the true distribution of soil respiration rates across a highly heterogeneous landscape. This has important

Table 2
Variables Selected for in Random Forest Model, Their Units of Measure, the Mean, Minimum, and Maximum Values Across the Training Plots, the Pixel Size of the Original
Data Sources, Original Temporal Resolution, and Variable Importance

Variable Units
Mean (min, max)

across plots
Mean (min, max) across
subalpine forest extent Pixel size

Temporal
resolution

Variable
importance

Mean AI (Jun–Sep) relative scale of
cool/wet (0) to
hot/dry (1)

0.094 (0, 0.31) 0.10 (0, 0.60) 4 km monthly 0.99

Total PRISM
precipitation from
January to March

mm 150 (75, 287) 162 (24, 427) 4 km monthly 0.86

Current year mean
EVI (Jul–Sep)

0.26 (0.17, 0.51) 0.23 (0.06, 0.67) 30 m once every 16 days 0.84

Previous year mean
EVI (Jul–Sep)

0.26 (0.15, 0.51) 0.23 (0.04, 0.69) 30 m once every 16 days 1.0

Mean PRISM
air temperature
(May 1 to Sep 30)

°C 9.2 (6.8, 11.4) 8.8 (2.6, 14.8) 4 km daily 0.73

Elevation m 3,105 (2,819, 3,403) 3,089 (2,754, 4,122) 10 m NA 0.47
Aspect (folded) relative scale of

NE-facing (0) to
SW facing (180)

42 (0, 99) 90 (0, 180) 10 m NA 0.26

Note. EVI = Enhanced Vegetation Index from Landsat; PRISM = predicted precipitation from PRISM climate group (PRISM Climate Group, Oregon State University,
2017). Variable importance is a relative measure of the degree of influence over the predicted value and should not be confused with effect size.
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implications for C budgets that use the mean value from landscape sampling. Mean values may be
inaccurate at worst, and at best smooth over spatial and interannual heterogeneity in C fluxes. Such
patterns can be captured by accounting for spatial heterogeneity in respiration drivers using models,
perhaps leading to better informed landscape-scale estimates of soil respiration.

Figure 7. Partial dependence of growing season soil respiration on the selected variables for the random Forest model
(Table 1), with histograms of each predictor variable indicated. The plots demonstrate how the model prediction is
affected by the value of a given variable after accounting for the influence of all other variables in the model. Note that
units for elevation are 100 × meters.
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4.1. Limitations of Modeling Approach

Our model predicted soil respiration at annual time steps. Even more informative would be models that can
predict soil respiration at subannual or seasonal time scales. The time step of our models was largely deter-
mined by soil respiration sampling intervals and Landsat data quality and availability, which were often out of
sync with each other (thus the growing season averaging approach). MODIS imagery could be used to pro-
vide near-daily predictions, but would sacrifice spatial resolution. Alternatively, new satellites, such as
Sentinel-2, could be used alone or in conjunction with Landsat 8 to predict monthly or even weekly respira-
tion provided the availability of training data at adequate temporal resolutions and response times between

Figure 8. Comparison of observed and predicted respiration in the eddy covariance (EC) footprint with nocturnal NEE (net
ecosystem exchange) for the two sites with EC towers. EC data do not exist from 2004 at GLEES. Error bars for observations
indicate 95% confidence interval calculated using the standard error of spatial replicates (i.e., plots; n = 36 for Fraser,
n = 8 for GLEES, and n = 12 for Niwot). Error bars for predictions indicate 95% confidence interval calculated using the
standard error of spatial replicates (i.e., pixels; n = 1,111 for Fraser, n = 348 for GLEES, and n = 142 for Niwot). Note that n is
higher for Fraser because the entire site area was averaged due to lack of EC tower, whereas only area that fell within the EC
tower footprint were included in Niwot and GLEES observed and predicted values.
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drivers and respiration rates exists. Such models could better take into account seasonal variation in drivers
and different time scales of influence between drivers and soil respiration.

A common challenge of spatial modeling efforts is potential for transferability errors by using data con-
strained to distinct field sites to predict across a geographic extent not represented by the field sites
(Wenger & Olden, 2012). We took measures to avoid projecting beyond the conditions represented by the
data used to fit the model by limiting our predicted area to the same forest type, elevation range, and oro-
graphic climatic influences (near and on either side of the continental divide) represented by our sites.
Due to a lack of validation data from areas outside the range of our sites, we could not assess error associated
with model transferability. Thus, predictions from outside the range of our sites should be interpreted
with caution.

Even considering that out-of-bag r2 can underestimate model performance, our model fit was not as high as
those reported in similar studies (Bond-Lamberty et al., 2012; Wu et al., 2014). This could have been due to a
number of reasons: a more heterogeneous landscape that is not as fully represented by sampled plot
locations, higher spatial resolution of our predictions, a smaller range of variability in respiration (due to both
seasonal averaging and restricting sampling to a single forest type) compared to past efforts, lack of high-
resolution climate data, or timing of soil respiration sampling (Cueva et al., 2017). Soil respiration is highly
variable over time, both seasonally and diurnally. Because only one survey unit was used to sample all plots,
some measurements were collected earlier and later in the day than others. Additionally, soil respiration var-
ies seasonally, making sampling more difficult. These issues, however, are common to most studies involving
landscape soil respiration measurements. Despite these limitations, the confidence interval around our pre-
dictions was reasonable across the predictive range, and confidence intervals of site-level estimates were
lower than those from observations alone (Figure 8). Given the large investment in time and resources
required to collect soil respiration measurements across multiple sites for fully characterizing a region, our
modeling approach provides an acceptable level of uncertainty for large-scale assessments of soil respiration.

4.2. Comparison to Independent C Cycle Measures

Soil respiration measurements independent of those used to train our Random Forest model were limited in
number and spatial extent. Therefore, performing a thorough validation of our model results was not possi-
ble. Instead, we compared our predicted results to other C flux measures, to which our soil respiration predic-
tions compared well for our study area and time period of interest. We found predicted regional summertime
soil respiration to be 72–75% of MODIS GPP, a reasonable value given previous findings. A few independent
measurements exist of both soil respiration and GPP at the same temperate forested site; they report annual
soil respiration as 43–60% (Wang et al., 2010; Zha et al., 2007), 65% (Tang et al., 2008), 80% (Thomas et al.,
2013), and 85% (Hermle et al., 2010) of GPP. Across the predictive region, we expected to see a positive cor-
relation between MODIS GPP and predicted soil respiration, reflecting that seen at global and hemispheric
scales (Hibbard et al., 2005; Litton et al., 2007; Raich & Schlesinger, 1992). However, a random sample of
100 one-kilometer pixels showed no significant correlation between MODIS GPP and our predicted respira-
tion rates. Further, macroscale comparison between soil respiration and MODIS GPP showed opposite spatial
trends in 2005 in the northern extent of the region (Figure 7). In this area, MODIS showed lower GPP at high
elevations than low elevations. In contrast, predicted soil respiration responded to spatial variability in aridity
and winter precipitation, resulting in greater respiration at higher elevations in this area. This analysis was not
intended, and is unable, to assess the accuracy of either MODIS GPP or our modeled respiration rates. It does,
however, highlight the differences between these two products and emphasizes a need for a product that is
more relevant at the regional scale, grounded in within-forest-type relationships between canopy greenness
and soil respiration that may not emerge at the global scale.

Several factors could explain the lack of correlation with MODIS. The soil respiration measurements used to
inform our model were made during the daytime; because soil respiration can have lower values at night
compared to day, this could bias our estimates high compared to a 24-hr averaged value such as MODIS
GPP. Ecosystem respiration, of which soil respiration is a component, is often correlated with vegetation pro-
ductivity—which MODIS GPP estimates. However, these can easily decouple due to forest disturbance (Kurz
et al., 2008; Running, 2008) or when drought differentially affects productivity versus heterotrophic respira-
tion, for example (Jassal et al., 2008). In addition, carbon use efficiency of forest primary productivity (NPP
divided by GPP) ranges from 23% to 83% across different forest types and stand ages (DeLucia et al., 2007;
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Litton et al., 2007); therefore, heterogeneity in disturbance history (for which we could not account) could
lead to differences in the ratio of respiration to productivity. MODIS GPP can also have high uncertainty at
the regional level, especially over complex terrain, because the algorithm is informed by coarse-resolution
climate and land cover data and a simplistic water use model (Hwang et al., 2008; Kimball et al., 2017).
Finally, scaling our values to the entire region assumes our spatial layer delineating forest from other ecosys-
tems is accurate, whereas this likely introduces uncertainty.

Our predicted soil respiration was 84% to 143% of nocturnal ecosystem respiration as estimated by EC towers
at two of the sites, Niwot and GLEES. During the growing season, soil respiration in forests is expected to be
between 45% and 80% of ecosystem respiration (Bolstad et al., 2004; Davidson et al., 2006; Tang et al., 2008),
so our predictions were biased high compared to nocturnal NEE. Mismatches between tower- and chamber-
based estimates of respiration are common (Bolstad et al., 2004; Speckman et al., 2015; Wang et al., 2017). Soil
respiration sampling bias as discussed above could have contributed to this (Cueva et al., 2017). Another
cause of mismatch could be errors in the estimated EC footprint shape and size that are not taken into
account by our predicted estimates. Flux tower footprints are not constant over time, because they shift with
the prevailing wind direction and speed, often expanding at night compared to the daytime, and thus are a
large source of uncertainty (Wehr & Saleska, 2015). Our estimate of each tower’s footprint over which pre-
dicted soil respiration was summed were based on general tendencies of the prevailing wind direction at
night. We would expect footprint motion to be more of an issue for flux comparison at GLEES than Niwot;
GLEES is highly heterogeneous in measured and predicted soil respiration rates whereas Niwot has a more
homogenous landscape. In addition, underestimation of ecosystem respiration by nocturnal NEE could have
been a factor. Nocturnal NEE from EC towers is considered a proxy for ecosystem respiration due to the lack of
photosynthesis at night; however, there are several widely recognized problems with interpreting nocturnal
NEE (Massman & Lee, 2002; Wohlfahrt & Galvagno, 2017). First, EC is vulnerable to errors from lack of turbu-
lence and mixing below the canopy, conditions which are more prevalent at night. This would result in an
underestimation of ecosystem respiration, even when using a turbulence filter (Goulden et al., 2011;
Thomas et al., 2013). Respiration often shows a diurnal pattern becoming lower at night than during the
day in subalpine forests (Bowling et al., 2015). However, there was often nighttime turbulence at these sites
(GLEES and Niwot are the first and third most turbulent flux sites in the Ameriflux network; http://ameriflux.
lbl.gov/), so this may not have been a sizeable source of error in the flux tower-derived ecosystem respiration.

4.3. Spatial Patterns of Predicted Respiration

Modeling spatial patterns in soil respiration across the three sites yielded some unique insights compared
to site-level averages of point measurements. First, we discovered high spatial heterogeneity in predicted
respiration at GLEES compared to the other two sites. GLEES is a mosaic of wetlands, upland forests, mea-
dows, and lakes, likely reflected by increased variability in EVI and topography leading to the resulting
predicted pattern of respiration. This may have led to a greater mismatch between observed and pre-
dicted EC footprint soil respiration at GLEES in 2005 (Figure 8). Our model predictions of soil respiration
in the tower footprint had lower uncertainty than observations and, at GLEES, were closer to nocturnal
NEE trends than observed soil respiration. Therefore, our modeling approach shows potential for improv-
ing upscaling of chamber-based soil respiration measurements for comparison to EC (Phillips et al., 2016).
By taking into account spatial heterogeneity of drivers within the EC footprint area, our modeling
approach could be a useful tool to generate annual soil respiration values under a range of footprint
scenarios that may compare better to EC fluxes for purposes of closing forest C budgets in heterogeneous
landscapes (Wehr & Saleska, 2015).

Despite high spatiotemporal variability observed in predicted respiration and its drivers, we found remark-
able consistency in average predicted respiration for the region across all 3 years of the study. Climate varia-
bility at seasonal and annual time scales can create substantial variability in patterns of soil respiration.
However, climate pressures (e.g., hotter, drier) are not necessarily consistent when considered at larger spa-
tial scales, meaning that local temporal variability in soil respiration does not necessarily translate into regio-
nal temporal variability in soil respiration. For example, the potential for higher respiration in wetter areas
(e.g., high elevations and shaded hillslopes) to compensate for reduced respiration in drier areas (e.g., lower
elevations and Sun-facing aspects) should be taken into account when designing field-monitoring programs
intended to be representative of a mountainous region.
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5. Conclusions

Soil respiration is an important component of the C cycle, yet because the rate of respiration can vary rapidly
over fine spatial and temporal scales (i.e., diurnal, daily, and seasonally), it can be challenging to characterize
rates of soil respiration at a landscape scale. One significant challenge in this endeavor is that spatial data sets
are not yet available at appropriate spatial resolution for many drivers known to induce spatiotemporal varia-
bility in soil respiration such as C substrate, soil moisture, nutrient availability, and microbial and fine root
activity (Kelsey et al., 2012; Martin & Bolstad, 2009; Scott-Denton et al., 2003; Stielstra et al., 2015). Despite
these challenges, we found that we could predict the mean rate of growing season soil respiration using
the current year and 1-year lagged EVI, winter precipitation, growing season temperature and aridity, eleva-
tion, and aspect. When the model was extrapolated across subalpine forests in the Southern Rocky
Mountains, we observed spatial and temporal variability in the predicted rates of growing season soil respira-
tion. Our predictions were similar in magnitude to MODIS GPP and EC nocturnal respiration. If accurate C
accounting is a priority, then improvements in regional to national predictions of ecosystem and soil respira-
tion are needed. A statistical modeling approach using field-based data to train a model based on geospatial
and remotely sensed data sets provides a simple framework that can be applied to diverse regions and
ecosystem types.
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