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[1] We investigated the spatial and temporal variability of soil CO, efflux across 62 sites
of a 393-ha complex watershed of the northern Rocky Mountains. Growing season

(83 day) cumulative soil CO, efflux varied from ~300 to ~2000 g CO, m 2, depending
upon landscape position, with a median of 879.8 g CO, m 2. Our findings revealed that
highest soil CO, efflux rates were observed in areas with persistently high soil moisture
(riparian meadows), whereas lower soil CO, efflux rates were observed on forested
uplands (98% of watershed area). Furthermore, upslope accumulated area (UAA), a
surrogate measure of the lateral redistribution of soil water, was positively correlated with
seasonal soil CO, efflux at all upland sites, increasing in explanatory power when sites
were separated by the major aspects of the watershed (SE/NW). We used the UAA—soil
CO, efflux relationship to upscale measured CO, efflux to the entire watershed and
found watershed-scale soil CO, efflux of 799.45 + 151.1 g CO, m 2 over 83 days. These
estimates compared well with independent eddy covariance estimates of nighttime
ecosystem respiration measured over the forest. We applied this empirical model to three
synthetic watersheds with progressively reduced complexity and found that seasonal
estimates of soil CO, efflux increased by 50, 58, and 98%, demonstrating the importance
of landscape structure in controlling CO, efflux magnitude. Our study represents an
empirical quantification of seasonal watershed-scale soil CO, efflux and demonstrates that
UAA (i.e., landscape position) and drainage patterns are important controls on the spatial

organization of large-scale (~km?) soil CO, efflux, particularly in semiarid, subalpine

ecosystems.

Citation: Riveros-Iregui, D. A, and B. L. McGlynn (2009), Landscape structure control on soil CO, efflux variability in complex
terrain: Scaling from point observations to watershed scale fluxes, J. Geophys. Res., 114, G02010, doi:10.1029/2008JG000885.

1. Introduction

[2] Soil CO, efflux, also known as soil respiration, is an
important component of the C cycle, and its accurate
quantification has significant implications for ecosystem C
balances and models [Raich and Schlesinger, 1992; Raich
and Potter, 1995; Valentini et al., 2000]. One obstacle to
accurately quantifying soil CO, efflux is the large spatial
heterogeneity in the physical and biogeochemical processes
leading to soil CO, production and efflux. Particularly in
complex terrain, interactions among spatially variable soil
temperature, soil water content, vegetation, substrate, and
soil physical properties induce large heterogeneity in the
magnitude of soil CO, efflux [Kang et al., 2003, 2006;
Scott-Denton et al., 2003]. Further complications are intro-
duced by the superimposed temporal heterogeneity (asyn-
chronous responses of soil CO, to each controlling
variable). As a result, estimating soil CO, efflux from large
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areas has proven problematic [Goulden et al., 1996], com-
monly leading to highly uncertain estimates.

[3] Many of the known estimates of soil CO, efflux rates
from entire watersheds come from area-weighed extrapola-
tions of measurements at single or few sites [e.g., Norman et
al., 1992; Lavigne et al., 1997; Ryan et al., 1997; Webster et
al., 2008a]. However, little assessment has tested the
representativeness of such sites for the entire area of study.
Other studies use temperature-based relationships to model
soil CO, efflux rates for large areas [Hollinger et al., 1994;
Randerson et al., 2002; Richardson et al., 2006; Larsen et
al., 2007], providing useful estimates for comparison with
other techniques (e.g., eddy covariance). However, through
this or similar exercises little understanding can be gained
about the variability of processes occurring within these
areas. Despite the number of studies measuring rates of soil
CO, efflux, studies addressing the heterogeneity of this flux
at large scales (e.g., watershed scale (~km?)) using ground-
based measurements, or studies taking into account the
effects of landscape heterogeneity remain limited.

[4] Watershed morphology and heterogeneity can exert
important influences on the magnitude of soil CO, efflux
rates. For example, physical organization of landscapes is
manifested in aspect variations and differences in surface
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Figure 1. Distribution of 62 sites across Stringer Creek
watershed. Stringer Creek is located in the Tenderfoot Creek
Experimental Forest, in the Little Belt Mountains of central
Montana. Stringer Creek watershed is ~393 ha in area.
Wind rose indicates predominant wind direction for the
period between 9 June and 30 August 2006.

energy balance distributions across a watershed. Radiation
differences have been found to influence spatial variation of
temperature [Korkalainen and Lauren, 2006], and vegeta-
tion and litter accumulation [Stage, 1976; Webster et al.,
2008a], which in turn can result in differences in soil carbon
content. Concurrently, landscape structure (shape) and grav-
ity exert a major control in the vertical and lateral redistri-
bution of water in the soil, which typically defines wet and
dry areas of the landscape [Western et al., 1998, 1999]. In
fact, wetness differences have been found to control differ-
ences in soil CO, fluxes [Riveros-Iregui et al., 2008]
partially because plant and microbial activities are depen-
dent on soil water content, and transport (diffusivity) of soil
CO, is inversely correlated with soil water content [Riveros-
Iregui et al., 2007; Pacific et al., 2008].

[s] Given the spatiotemporal heterogeneity of soil CO,
efflux, estimating soil CO, efflux rates from entire water-
sheds requires thorough understanding of the biophysical
and landscape controls. Spatially, soil CO, efflux can vary
across topographic positions [Pacific et al., 2008; Riveros-
Iregui et al., 2008; Webster et al., 2008b], aspect [ Webster et
al., 2008a], vegetation cover [Scott-Denton et al., 2003,
2006; Tang et al., 2005], and across different land uses
[Jacobs et al., 2007; Nouvellon et al., 2008]. Temporally,
soil CO, efflux can vary with changing hydrologic [Riveros-
Iregui et al., 2007; Pacific et al., 2008] and climatic
conditions [Vargas and Allen, 2008]. Given the broad range
of landscape elements that can exist within a single water-
sheds (e.g., riparian meadows, forested hillslopes, contrast-
ing aspects), and owing to the different responses that soil
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CO; efflux can exhibit to different environmental conditions
(e.g., precipitation, seasonal drying of the soil, temperature),
it is important to determine the overarching control on soil
CO, efflux across large and heterogeneous areas. Investi-
gating and quantifying the fundamental role of landscape-
induced heterogeneity on soil CO, production and efflux
can improve our understanding of the variability of this flux
at the watershed scale, and reduce the uncertainty in
estimates of soil CO, efflux from heterogeneous areas.

[6] We investigated the spatial and temporal variability of
soil CO, efflux across 62 sites in the northern Rocky
Mountains. The sites were distributed across a 393-ha,
moderately complex watershed and were characteristic of
the spatial heterogeneity of the landscape (e.g., slope,
aspect, upslope accumulated areas). This forest is ideal for
coupled hydrologic—soil CO, efflux research as it exhibits
the full range in soil water content, soil temperature, soil
nutrient status, and vegetation cover, and is characteristic of
subalpine watersheds in the northern Rocky Mountains. The
objectives of this study were to (1) evaluate growing season
(June thru August, 2006) soil CO, efflux across 62 land-
scape positions and quantify its spatial heterogeneity;
(2) assess the role of landscape structure and drainage
patterns on controlling the magnitude of soil CO, efflux;
and (3) present an empirical framework for quantifying
large-scale (km?) soil CO, efflux rates for complex terrain
watersheds. The information presented here is essential to
linking plot-scale observations to large-scale estimates of
soil CO, efflux, to enhancing parameterization and mod-
eling of soil CO, efflux from heterogeneous areas, and is
useful in combination with other ecosystem-level measures
of C exchange (e.g., flux towers).

2. Methods
2.1. Study Site

[7] This study was located in the Tenderfoot Creek
Experimental Forest (TCEF), in the Little Belt Mountains
of central Montana (46°55 N; 110°54 W). This location is
characteristic of the lodgepole-dominated forests of the
northern Rocky Mountains, believed to contribute signifi-
cantly to the North American carbon sink [Schimel et al.,
2002]. The greater TCEF elevation ranges from 1840 to
2421 m and has an area of 3591 ha. Mean annual precip-
itation is 880 mm with 70% falling as snow [Farnes et al.,
1995], and peak snowpack accumulations occur between
late March and mid-April [Woods et al., 2006]. Mean
annual temperature is 0°C, and the growing season typically
extends from early or mid-June to the end of August. A
393-ha subwatershed that contains a second-order perennial
stream, Stringer Creek, was selected as the watershed of
interest owing to its wide range of slope, aspect, and
topographic convergence/divergence. Within the Stringer
Creek watershed, we selected 62 sites to measure soil
CO, efflux via a combination of 5 upland and 4 upland-
riparian-upland (URU) transects distributed across the wa-
tershed (Figure 1). Each upland transect contained between
4 and 6 sites, whereas each URU transect contained 8 sites,
for a combined total of 62 sites (11 riparian meadow sites,
51 upland forest sites) across Stringer Creek watershed.
Because our goal was to examine the variability of soil CO,
efflux in response to differences in biophysical controls
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Table 1. C:N Content Ratio of Riparian and Upland Vegetation at Stringer Creek®
Riparian Meadows Upland Forests

Type C:N Ratio SD Type C:N Ratio SD

Calamagrostis — shoots 17.9 1.0 Vaccinium — leaves 19.5 0.7

Calamagrostis — roots 31.6 11.5 Vaccinium — stems 57.6 2.1

Urtica dioica — shoots 11.4 1.0 Vaccinium — roots 87.0 11.2

Urtica dioica — roots 20.5 1.3 Deschampsia cespitosa — shoots 443 0.8

Deschampsia cespitosa — roots 70.8 12.7

Pinus contorta — twigs 129.7 7.7

Pinus contorta — roots 172.2 12.9

Pinus contorta — live needles 54.0 8.2

Pinus contorta — dead needles 58.5 8.6

*Values represent the means of three samples and one standard deviation of the means. Vegetation description is after Mincemoyer and Birdsall [2006].

(e.g., soil temperature, soil water content, vegetation cover),
site selection was targeted toward those areas of the land-
scape that offered natural biophysical gradients, while
maintaining the practicality of daily to subweekly manual
measurements at each site. Terrain analysis confirmed that
site selection was characteristic of the distribution of
upslope accumulated area (an indicator of landscape vari-
ability) across the watershed (see section 3). Additional
details on site characteristics have been described in previ-
ous studies [Riveros-Iregui et al., 2007, 2008; Riveros-
Iregui, 2008].

2.2. Terrain Variability

[8] A I-m digital elevation model (DEM) derived from
Airborne Laser Swath Mapping (courtesy of the National
Center for Airbone Laser Mapping (NCALM)) was
resampled to 3-m and 10-m DEMs for Stringer Creek.
The resampled DEMs were then used to calculate upslope
accumulated area (UAA (m?)) for each pixel in the water-
shed, on the basis of the triangular multiple flow direction
algorithm (MDoo) [Seibert and McGlynn, 2007]. Also
known as the local contributing area, UAA represents the
amount of area draining to a specific location in the
landscape [Beven et al., 1979; McGlynn and Seibert,
2003] and serves as an estimate of relative wetness poten-
tial. This and similar topographic indices have proven useful
for comparison of soil moisture patterns among sites of the
same watershed [Burt and Butcher, 1985; Western and
Grayson, 1998; Western et al., 1999; Grayson and Western,
2001] and across larger regions [Rodhe and Seibert, 1999;
Zinko et al., 2005; Sorensen et al., 2006]. Riparian zone
delineation was accomplished using a 3-m elevation thresh-
old above the stream channel following flow paths to the
stream, according to the delineation algorithm proposed by
McGlynn and Seibert [2003], and corroborated with field
observations and measurements [Jencso et al., 2009].

2.3. Environmental Variables

[v] We report on a set of measurements of soil temper-
ature (7) and volumetric soil water content (#) recorded
during the 2006 growing season. Continuous measurements
of T were recorded every 4 h at 13 of the 62 sites at 5 cm
depth with iButton temperature loggers (DS1922L, temper-
ature range —40°C to 85°C, measured accuracy better than
0.5°C between —20 and 40°C, Maxim Integrated Products,
Sunnyvale, California), during the period between 17 July
and 16 October 2006. Once deployed, iButtons were not
retrieved until the end of the experiment to avoid soil

disturbance. On the basis of these measurements, we
calculated the number of days that average daily T rose
above the mean Ty at all 13 sites. Although analyzed at only
13 sites, this estimate allowed for comparison between SE
and NW facing areas of the landscape, providing an
assessment of variability of 7 at the watershed scale
throughout the growing season.

[10] Continuous measurements of ¢ were made using
water content reflectometry probes (CSI Model 616, Camp-
bell Scientific Inc., Logan, Utah) at three sites (riparian
meadow, lower hillslope, and upper hillslope) installed
horizontally at 20 cm. Given the large data set of 7¢ and
0 measurements, our results are summarized to illustrate
distinct dynamics of these variables at the watershed scale.

2.4. Soil C:N Content Ratio, Biomass C:N Content
Ratio, and Fine Root Biomass

[11] Soil carbon and nitrogen content ratios (C:N) were
measured in a subset of sites (45), including riparian
meadow sites and upland forest sites. Soil samples were
collected by sampling the top 25 cm of soil with a hand
auger (5 cm in diameter). In the lab, samples were dried,
sieved, and ground in preparation for analysis. Total C and
N contents were determined in a TruSpec CN Determinator
(Leco Corporation, St. Joseph, Michigan) through combus-
tion under an oxygen atmosphere at 950°C, using helium as
a carrier. This instrument has a precision of 0.3 ppm for C
and 40 ppm for N. Additionally, aboveground and below-
ground biomass of the dominant vegetation from riparian
meadows and upland forests was collected for similar C:N
content ratio analysis (Table 1). Results are presented as the
mean and one standard deviation of three measurements.

[12] Fine root biomass (<0.5 cm in diameter) was quan-
tified at 19 of the 62 sites by sampling the top 25 cm of soil
with a hand auger (5 cm in diameter). Soil cores were
collected in triplicate and dried at 60°C, and roots were
manually separated and weighed. Estimates of fine root
density are presented as the mean and one standard devia-
tion of three measurements [kg m ).

2.5. Soil CO, Efflux

[13] Each of the 62 sites consisted of a 0.5-m” area flux
plot, roped off to minimize disturbance. Soil CO, efflux
measurements were collected using a soil respiration cham-
ber model SRC-1 (footprint of 314.2 cm?, accuracy within
1% of calibrated range [0 to 9.99 ¢ CO, m > hr'], PP
Systems, Massachusetts) equipped with an infrared gas
analyzer (IRGA; EGM-4, accuracy within 1% of calibrated
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range [0 to 2,000 ppm], PP Systems, Massachusetts).
Chamber measurements were collected at each of the 62
sites following similar procedures to those described by
Pacific et al. [2008] and Riveros-Iregui et al. [2008]. Before
each measurement the soil chamber was flushed with
ambient air for 15 s, placed onto the soil plot, and gently
inserted ~1 cm in the soil to ensure a good seal between the
chamber and the soil surface. Following manufacturer’s
recommendations, soil CO, efflux was calculated by mea-
suring the rate of increase in CO, concentration within the
chamber and fitting a quadratic equation to the relationship
between the increasing CO, concentration and elapsed time.
The deployment of the chamber lasted for 120 s or until the
internal chamber CO, concentration increased by 60 ppm,
time after which a direct reading of the flux rate was taken
from the IRGA. Chamber measurements were collected in
triplicate at each plot between 1000 h and 1600 h every 2—7
days. Above ground vegetation was clipped once a week
after measurements were taken, and roots were left intact to
avoid disturbance.

[14] Owing to the broad spatial distribution of the sites
and travel time across the 393-ha study site, soil CO, efflux
was not measured at every site on the same day or at the
same time of the day. Thus, throughout the 2006 growing
season, each site was visited between 10 and 37 times. Here
we focus on seasonal estimates (cumulative fluxes) across
all sites, as important indicators of the heterogeneity (and
magnitude) of soil CO, efflux across the watershed. We
established a common timeframe among sites by linearly
interpolating between measurements for the time period 9
June 2006 and 30 August 2006 (83 days total). In a previous
study, we compared high- and low-frequency measurements
and demonstrated that sampling frequency, linear interpola-
tion between measurements, and time of day do not com-
promise or bias estimates of soil CO, efflux when analyzed
cumulatively (seasonally) [Riveros-Iregui et al., 2008]. Our
approach provided a robust framework for intersite com-
parison of seasonal fluxes, while optimizing resources,
manual labor, and measurements across 62 spatially distrib-
uted sites.

[15] Analysis of variance revealed that cumulative soil
CO, effluxes in riparian sites were significantly higher than
in upland sites (p < 0.001). Yet to further analyze the
dynamics of efflux over the course of the entire growing
season, we applied a two-way partitioning algorithm (k-
means Clustering, Matlab 7.4.0, The Mathworks, Inc.) to
the entire soil CO, efflux data set. A two-way partition was
chosen as a first approach to separate the 62 sites into two
groups (a cluster of sites with high soil CO, efflux, and a
cluster of sites with low soil CO, efflux) and to answer a
fundamental question: are observed soil CO, effluxes in
agreement with terrain analysis and delineation between
riparian and upland sites? The selected algorithm separates
all observations into two mutually exclusive clusters, using
an iterative minimization of the sum of the distances from
each data point to its cluster centroid, and relocating data
points between clusters until the sum cannot be decreased
any further [Spath, 1985]. The use of the two-way parti-
tioning algorithm in this manner also allowed for indepen-
dent categorization of riparian and upland sites (previously
mapped through terrain analysis). The algorithm is suitable
for clustering time series of CO, efflux from multiple sites,
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because it takes into account the distribution and behavior
(dynamics) of the entire time series at each site.

2.6. Ecosystem Respiration

[16] Continuous measurements of land-atmosphere CO,
and water vapor exchange were made above the canopy of
both riparian grasses and upland forests (Figure 1) with the
eddy covariance method [Baldocchi, 2003]. Wind velocity
was measured with a triaxial sonic anemometer (CSAT3,
Campbell Scientific Inc., Logan, Utah), whereas CO, and
water vapor were measured with an open path, infrared
absorption gas analyzer (7500, LI-COR, Lincoln, Nebraska)
at 10 Hz frequencies. Estimates of nighttime ecosystem
respiration were selected on the basis of fluxes between
2300 and 0400 LT and reported on a 24-h basis, using a U*
threshold of 0.2 m s™' to ensure periods with enough
turbulence. Because the purpose of the eddy covariance
measurements was exclusively to provide a relative com-
parison, values are presented as nighttime ecosystem respi-
ration fluxes, and no daytime correction was applied to
fluxes.

3. Results
3.1. Terrain Variability

[17] Riparian delineation of the Stringer Creek watershed
demonstrated that riparian zones comprised 1.8% of the
watershed. The rest of the watershed was divided almost
symmetrically by the stream, which runs in a NNE-SSW
direction, making NW and SE the two dominant aspects of
the watershed (50.0 and 48.2%, respectively). The 3-m
DEM provided a more accurate representation of the mi-
croscale (e.g., fallen trees, stream channel, man-made
structures) at each particular plot (soil CO, efflux plots
were 0.5 m? in area), whereas the 10-m DEM of Stringer
Creek provided the most robust representation of landscape
structure and morphology (convergent versus divergent
areas) without being biased by the microtopography. Thus,
we used the 3-m DEM for assessment of UAA for all
measurement locations, regressions and upscaling, whereas
the calculated 10-m upslope accumulated area (UAA)
served as a general landscape position characterization of
sites across the watershed (Figure 2).

[18] On the basis of these topographic variables (UAA,
aspect), found to control the redistribution of water and
radiation received across the watershed, we evaluated the
representativeness of the selected 62 sites to the entire
watershed. Terrain analysis confirmed that the selected 62
sites were characteristic of both UAA distribution and
aspect (Figure 2), demonstrating that site selection captured
the range and frequency of landscape positions, drainage
patterns, and overall complexity of the Stringer Creek
watershed.

3.2. Environmental Variables

[19] The average soil temperature (7s) of all measured
sites was 8.97°C between 17 July and 16 October 2006;
however T varied widely across the watershed from near
~30°C during the summer in well-exposed areas (riparian
meadows) to below freezing in October. Average T in
riparian meadow sites was 10.21°C, with 21.5 days above
the mean 7’5 for the watershed (Figure 3). SE facing forested
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Figure 2. Distribution of 10-m upslope accumulated arca
(UAA) across Stringer Creek watershed (continuous lines)
and across sites where soil CO, efflux (Rg) was measured.
Sites were separated by aspect into the two main categories:
SE (black) and NW (gray) facing aspects. This analysis
demonstrates that the selected sites were characteristic of the
distribution of UAA for the Stringer Creek watershed.

upland sites showed an average Ts of 8.83°C, with 14.4 days
above the mean for the watershed. NW facing forested
upland sites showed an average T of 7.89°C, with only
2.5 days above the mean for the watershed (Figure 3). In
general, three major features were observed to control Ty at
the watershed scale: (1) a vegetation effect, in which 75 was
buffered in areas with tall canopies (e.g., riparian meadow
versus forested uplands); (2) an aspect effect, in which SE

= NN
oL o

=T

Days above mean of T [d]
S

<5

_‘10 i i i i J
SE Aspects (5) Riparian (4) NW Aspect (4)

Figure 3. Degree days above the mean for sites in SE
aspects (5), riparian meadows (4), and NW aspects (4),
based on 4-h measurements from 17 July to 16 October
2006. Mean is from data at all sites. Bar heights indicate the
mean of degree days at sites within each landscape element
and error bars one standard deviation of degree days of
each site.
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facing sites received more solar radiation than NW facing
sites causing differences in amplitude of 7 between
aspects; and (3) a soil water content effect (specific heat
effect), in which T had less diel amplitude in wetter areas
of the landscape (lower areas) than in upper areas (drier
areas). While other physical effects may also control T at
smaller scales, these effects illustrate the main observed
controls on watershed-scale variability of 7.

[20] Highest values of volumetric soil water content (6)
were observed toward mid-May and early June following
snowmelt, after which values of 6 decreased at all sites
(Figure 4). Snowmelt lasted until mid-May, whereas liquid
precipitation was high during June and early July and
decreased toward late July and August (Figure 4). Spatially,
values of 6 reached ~0.5 m®> m° (i.e., at or near soil
saturation) in low and convergent areas of the landscape
(riparian zones) immediately after snowmelt. Values of 6
were lower in less convergent areas and higher landscape
positions (reduced drainage area), where maximum values
did not exceed ~0.2 m* m~* (Figure 4).

3.3. Soil C:N Content Ratio, Biomass C:N Content
Ratio, and Fine Root Biomass

[21] Soil C:N content ratios varied from ~10 to ~40
among the 45 sampled sites of the watershed (Figure 5a).
Spatially, soil C:N content ratio was negatively correlated to
the ratio of UAA and the tangent of local slope, (3 (r* = 0.38;
p < 0.001), meaning that areas of the landscape that are
relatively wetter had a lower soil C:N content ratio than
those areas of the landscape that are relatively drier. Also
known as the topographic index [Beven and Kirkby, 1979],
the slope-normalized UAA represents a widely applied
estimate for relative wetness. While similar trends can be
observed when using C and N alone, combined C:N ratios
displayed the strongest relationship with topographic index.
Biomass C:N content ratio varied among species and among
aboveground and belowground biomass of riparian mead-

o = m
g 8
SWE [mm]

* Upper Hillslope

[ = o N

" Lower Hillslope

Riparian

M%y—1 .Junl—15 Aué—1 Sep-15

Figure 4. Variability of precipitation, snow water equiva-
lent (SWE), and soil water content (¢) at 20 cm across high
and low hillslopes and a riparian meadow of Stringer Creek

watershed for the 2006 growing season.
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N content in the soil. (b) Relationship between root density
(kg m*) and UAA. Note the log scale for the x axis.

ows and upland forests as shown in Table 1. In general,
lodgepole pine (Pinus contorta) from upland forests had a
C:N content ratio between 5 and 10 times higher than C:N
content ratio of riparian meadow grasses.

[22] Fine root biomass varied from ~2 to ~18 kg m™
across the 19 sampled sites of the watershed (Figure 5b).
Spatially, fine root biomass was positively correlated with
UAA (r" =0.40; p <0.001), meaning that wetter areas of the
landscape had a higher content of fine roots than dry areas.
These relationships (as presented in Figure 5) suggest that
these biophysical variables, known to influence soil CO,
production and efflux, are also topographically organized
and their spatial variability is partially mediated by land-
scape structure.

3.4. Soil CO, Efflux

[23] Seasonal estimates (83-day accumulations) of soil
CO, efflux during the 2006 growing season were highly
variable across the 62 sampled sites of the watershed
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(Figure 6a). Soil CO, efflux varied from ~300 g CO, m >
to ~2000 g CO, m >~ depending upon landscape position.
At first glance, there is a sevenfold difference in effluxes
across this montane watershed, with a median of 879.8 g
CO, m 2. To examine soil CO, efflux behavior over the
course of the entire growing season, we applied a two-way
partitioning algorithm (k-means, see section 2) to the time
series of all 62 sites. This algorithm separated the 62 sites
into two clusters (Figure 6b) with centroids of 839 and
1555 g CO, m™ 2, respectively. Our results revealed that
14 sites were clustered with the higher centroid value,
whereas 48 sites were clustered with the lower centroid
value (Figure 6b). Analysis of the landscape position of
each site demonstrated that 11 out of the 14 sites of the
higher cluster corresponded to riparian meadow sites, and
conversely, sites located in the uplands were consistently
classified within the lower centroid values (Figure 6b). Two
of the remaining three sites of the high cluster were located
on low hillslopes adjacent to riparian meadows (areas prone
to high soil water content), and the third one was located in
an elevated NW facing site. Given the consistent high
effluxes from this elevate NW facing site, we believe that
this anomalous site was located immediately above a large
root or series of roots and received respiration very rapidly
from the source.

[24] In summary, k-means clustering revealed that the
highest soil CO, efflux rates were observed in areas with
persistent high soil water content (riparian meadows),
whereas lower soil CO, efflux rates were observed on
upland forests (Figure 6b). Given the consistent differences
in CO, efflux between riparian meadows and upland forests
based on landscape position (p < 0.001) and the over-
whelming fraction of uplands relative to total area (~98%),
we investigated the effects of landscape position on soil
CO, efflux within upland sites. Using the UAA layer
calculated from the 3-m DEM, as a measure of the lateral
redistribution of soil water caused by local topography, we
found a positive correlation between UAA and cumulative
soil CO, efflux at all sites (* = 0.51; p < 0.001; Figure 7).
However, the explanatory power of UAA considerably
increased when sites were separated by the two major
aspects of this watershed: SE aspects ( = 0.65; p <
0.001) and NW aspects (> = 0.61; p < 0.001; Figure 7),
suggesting that the lateral redistribution of soil water and
soil temperature as mediated by landscape structure can
control soil CO, efflux in upland sites.

[25] We used these relationships (Figures 6 and 7) to
upscale measured soil CO, efflux to the entire watershed via
a two-step approach. First, we discretized the landscape into
riparian meadows and upland forests. We area weighed
mean efflux from riparian meadows (1572.1 g CO, m* over
83 days from 1.8% of the watershed). Second, we applied
the UAA—soil CO, efflux relationships found for upland
sites (Figure 7) to the entire distribution of UAA for this
watershed. We found that soil CO, efflux from SE aspects
(48.2% of the watershed) was of 730.5 + 207.1 g CO, m?
over 83 days, whereas soil CO, efflux in NW aspects
(50.0% of the watershed) was 838.4 + 102.5 g CO, m?
over 83 days. In combination with efflux from riparian
meadows, our study found watershed-scale soil CO, efflux
of 799.45 + 151.1 g CO, m? over 83 days (Table 2). These
estimates represent an important step to quantifying water-
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Figure 6. (a) Variability of cumulative 83-day soil CO, efflux (Rg) across 62 sites in Stringer Creek
watershed during the 2006 growing season. Note an approximately sevenfold difference in estimates of
soil CO; efflux across the watershed. Nighttime ecosystem respiration fluxes (Rg) from the riparian and
the upland towers are shown for context. (b) Partitioning of sites using cluster analysis demonstrates that
14 sites are classified within the cluster with the higher centroid value (filled circles); 11 of these sites are
located in the riparian meadow. Sites located in the hillslopes are consistently classified within the lower

centroid values (open circles).

shed-scale soil CO, efflux, on the basis of empirical
relationships developed from repeated measurements of soil
CO, efflux and landscape structure characteristics.

4. Discussion

[26] In past investigations, when more than a few data
collection sites were located in a given area, they were
limited in number and distribution with little assessment of
how well characterized the sampling sites were to the rest of
the study area. With a wealth of literature on soil CO,
efflux, studies addressing watershed-scale soil CO, efflux
remain limited. Furthermore, poor temporal resolution of

measurements at a small number of sites has further
restricted understanding of how soil CO, production and
efflux change over space and time. Thus, serious compli-
cations can arise when, on the basis of limited measure-
ments at potentially biased spatial locations, attempts are
made to spatially upscale soil CO, efflux. The result is often
a modeling approach (e.g., soil CO, efflux as a function of
soil temperature or solar radiation) [Fox et al., 2008] that
allows for temporal extrapolation, and another modeling
approach applied on the spatial scale (e.g., as a function of
landscape cover or vegetation index [Vourlitis et al., 2000;
Kim et al., 2006] or an area-weighted sum of fluxes at single
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Figure 7. Relationship between calculated 3-m UAA and cumulative soil CO, flux (Rg) at (a) all
upland sites and (b and c¢) separated by aspect. The relationship for SE aspects was Rg = (0.534 x UAA)
+ 366.9. The relationship for NW aspects was Rg = (0.217 x UAA) + 619.4. Dashed lines represent the
Working-Hotelling 95% confidence band of each regression line.

or few locations [Soegaard et al., 2000; Heikkinen et al.,
2004; Webster et al., 2008a]). Given the uncertainty in each
of these modeling exercises due to limited and/or biased
data, watershed-scale estimates of soil CO, efflux have not
yet been rigorously accomplished.

[27] In this study, we have demonstrated that the selected
62 measurement sites well characterized the topographic
heterogeneity of Stringer Creek watershed (Figure 2), there-
fore we suggest that spatially, there was little bias introduced
during site selection and sampling design. Temporally, our
repeated measurements varied from 10 to 37 chamber meas-
urements across 62 sites. Previously demonstrated for this
subalpine ecosystem [Riveros-Iregui et al., 2008], measure-
ments taken between 1000 and 1600 h introduced little time
of day bias and frequency bias when estimates are analyzed
seasonally (cumulatively), primarily because the seasonality
soil CO; efflux induced by changes of soil water prevails
over diel dynamics driven by soil temperature and plant
activity [Riveros-Iregui et al., 2007, 2008]. Thus, our soil
CO, efflux measurements characterized both the spatial
heterogeneity and temporal variability of effluxes through-
out the 83-day period across this northern Rocky Mountain
watershed.

4.1. Environmental Variables and Landscape
Structure

[28] One of the outstanding issues in C cycle research and

specifically for soil CO, efflux is understanding the spatial
and temporal heterogeneity induced by landscape structure.

Landscape morphology imposes organized heterogeneity on
soil temperature and on the allocation/redistribution of
water and ultimately soil water content, and this is reflected
not only on soil CO, efflux but also on its other biophysical
controls (e.g., aboveground and belowground biomass, C:N
content ratios). While the timing of snowmelt can differ
from year to year depending on the snow energy balance
and snowpack accumulation, the spatial pattern of soil water
content (#) is imposed by landscape morphology and
structure. Thus, convergent areas (e.g., riparian meadows,
convergent slopes) are likely to represent the higher values
of 0 within a watershed, whereas divergent areas (e.g.,
divergent slopes) tend to be drier. This results in a degree
of predictability in patterns of soil water content on the basis
of topographic position and landscape structure, and to a
lower degree, patterns of soil temperature based on aspect,
land cover, and surface energy balance. Understanding this
structured heterogeneity is crucial for understanding soil
organic matter accumulation, decomposition rates of C
pools, and ultimately, rates of soil CO, production and
efflux from heterogeneous areas. More broadly and impor-
tantly, the shape of the landscape and drainage patterns can
impose structure on spatial heterogeneity of many biogeo-
chemical processes mediated by soil temperature, soil water
content, and the surface energy balance.

[29] In our study, measurements of soil C:N content ratio
and fine root biomass were correlated to wetness indices
(Figure 5) such as topographic index and upslope accumu-
lated area [Beven and Kirkby, 1979; Seibert and McGlynn,
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Table 2. Watershed-Scale Estimates of Seasonal Soil CO, Efflux for Stringer Creek Watershed and Three Synthetic Digital Elevation
Models and Independent Estimates of Nighttime Ecosystem Respiration Measured Above the Canopy With an Eddy Covariance System

Stringer Creek

Nighttime Ry

Watershed 1 Watershed 2 Watershed 3

Description This study Riveros-Iregui
et al. [2008]

Calculated Riparian Area 1.8% -

Total soil CO, efflux 799.5 £ 151.1 786.8

(g CO, m~ over 83 days)

Convergent Planar Planar
(bowl shaped) (steep slope) (gentle slope)
2.5% 0.34% 0.54%

1199.8 + 177.6 1261.9 + 179.1 1584.1 +258.4

2007]. These wetness indices have been used in previous
investigations as explanatory variables of hydrological and
ecological correlations to topography [e.g., Famiglietti and
Wood, 1991; Rodhe and Seibert, 1999; Urban et al., 2000;
Guntner et al., 2004; Lookingbill and Urban, 2004; Pierce
et al., 2005; Zinko et al., 2005; Sorensen et al., 2006].
Wetter locations showed higher fine root biomass and lower
C:N ratios, likely as the result of difference in vegetation
cover (trees versus grasses, Table 1). Higher root biomass is
known to contribute to higher soil CO, generation and flux
[Burton et al., 2000; Maier and Kress, 2000; Pregitzer et
al., 2000; Shibistova et al., 2002], whereas lower C:N ratios
are correlated to higher litter decomposition rates [Bosatta
and Staaf, 1982; Enriquez et al., 1993; Fierer et al., 2006].

[30] Our findings also elucidate a much more intriguing
and broader question: is there spatial and temporal organi-
zation in the contributions of autotrophic and heterotrophic
respirations to total soil CO, efflux in subalpine ecosys-
tems? Spatially, as evidenced from our results, fine root
biomass and soil C:N ratios are organized topographically.
Temporally, continuous measurements and the evolution of
diel hysteresis patterns of soil CO, efflux across the season
have been related to differences in the timing of autotrophic
activity between one riparian and one upland site of this
catchment [Riveros-Iregui et al., 2008]. However, how this
variability is spatially and temporally expressed across the
62 sites, or across the entire catchment, remains to be
addressed. Nonetheless our findings set the stage (and
highlight the need) for future research directed at separating
autotrophic and heterotrophic respiration in a spatiotempo-
ral manner.

4.2. How Does Soil CO, Efflux Vary Across Stringer
Creek Watershed?

[31] While previous studies had demonstrated that soil
CO, efflux can be highly variable across a few landscape
positions [Kang et al., 2003; Saiz et al., 2006; Webster et
al., 2008b], little understanding has been provided about
how topography and landscape structure can control soil
CO, efflux and how this organized heterogeneity can be
used for interpolation, extrapolation, and transfer. In our
study, two-way k-means analysis revealed that a first-order
categorization of the landscape can simply be made as a
binary discretization: riparian meadows and forested
uplands (Figure 6). Differences in efflux magnitude be-
tween these two landscape elements have been previously
observed across pairs sites of the same study area [Riveros-
Iregui et al., 2008]; however, our results demonstrated that
this magnitude difference in efflux can be consistent across
multiple (62) riparian meadow locations (11) and upland
sites (51) (Figure 6b). The magnitude difference between
riparian meadows and upland forests is likely due to the

large drainage area of riparian meadows, which results in
higher and more sustained soil water content (Figure 4) and
the feedback to vegetation cover (trees versus grasses) and
soil characteristics. Thus, while riparian meadows in the
Stringer Creek watershed comprise only 1.8% of the land-
scape, soil CO, efflux from these meadows is the highest
across the entire watershed (Figure 6) and results in a
disproportionate 3.5% of total catchment efflux.

[32] Cumulative soil CO, efflux was positively correlated
with UAA (Figure 7) in upland forests, which comprised
~98% of the watershed area. This is a valuable observation,
yet is to be expected given that plant and microbial activities
are dependent on water availability. UAA characterizes the
relative magnitude of water flow across the landscape, (i.e.,
drainage pattern), as highlighted in multiple studies [Beven
and Wood, 1983; McGlynn and Seibert, 2003; McGlynn et
al., 2004; McGuire et al., 2005; Sorensen et al., 2006;
Seibert and McGlynn, 2007; Jencso et al., 2009], and its
relationship to soil CO, efflux in drier areas of the landscape
is an element that can be of great advantage to large-scale
(~km?) quantifications of land-atmosphere CO, exchange.

4.3. Scaling From Point Observations to
Watershed-Scale Fluxes

[33] Currently, poor process-based understanding, sparse
field measurements across space and time, and a lack of
organizing principles, limit our ability to assess soil CO,
fluxes from areas where biophysical controls (i.e., soil water
content, soil temperature, vegetation cover) concurrently
vary in space and time. It is well known that soil temper-
ature can explain soil CO, efflux at single plots over short
(diel) temporal scales [Riveros-Iregui et al., 2007; Carbone
et al., 2008]. However, it is also well known that soil
temperature and temperature-based models (e.g., Qqo)
[Lloyd and Taylor, 1994] are poor predictors of soil CO,
efflux at larger spatial scales [Richardson and Hollinger,
2005]. In fact, the use of temperature-based models con-
tinues to be discouraged for large scales [Janssens and
Pilegaard, 2003; Davidson et al., 2006; Richardson et al.,
2006], likely because soil temperature effects on soil CO,
have been found to vary widely across ranges of soil water
content conditions and drydown [Riveros-Iregui et al.,
2007]. Thus, it is only to be expected that systems with
wide spatial differences in soil water content regimes (e.g.,
entire forests) and/or strong temporal differences in soil
water content caused by environmental controls (e.g.,
snowmelt, droughts, summer drydown) will exhibit poor
fits of such models. Furthermore, multiparameter models
require free parameters to constrain respiration models
[Falge et al., 2001; Reichstein et al., 2005; Richardson
and Hollinger, 2005], which make it difficult to interpret
actual physical processes. Thus, no appropriate parameter
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has emerged to aid in parameterization and modeling of soil
CO, efflux variability from large areas.

[34] Our empirical approach offers great potential across
large spatial scales, comparable and useful to many other
land-atmosphere studies of CO, exchange, and it allows for
context and interpretation for plot and point scales. Our
results highlight topographic organization of biogeochemi-
cal processes leading to soil CO, production and efflux,
primarily controlled by the lateral redistribution of soil
water. Using the explanatory power of UAA (~61-65%;
Figure 7) as the overarching control of seasonal soil CO,
efflux can be comparable to more complicated, multi-
parameter models previously developed (r* = 0.723)
[Webster et al., 2008b]. Yet the strength of the correlation
of UAA and seasonal soil CO, efflux in combination with
DEM terrain analysis tools [Seibert and McGlynn, 2007]
and spatial integration makes our approach a crucial tool in
landscape characterization and discretization and provides
an important link between point-scale measurements and
ecosystem/watershed-scale estimates of soil CO, efflux.

[35] An interesting feature that emerged in the UAA —soil
CO, efflux relationships was the difference in the slope of
regressions for sites of contrasting aspects (Figures 7b and
7¢). Especially at UAA values above 1000 m”, cumulative
soil CO, efflux is higher in SE facing than in NW facing
slopes. This difference in efflux magnitude is likely the
result of higher temperatures and radiation in SE aspects
leading to higher rates of root and microbial respiration. Yet
this difference is not apparent among sites with UAA values
below 1000 m?, perhaps because such sites are primarily
moisture limited. It is therefore to be expected that as UAA
increases outside the range of moisture limitation other
limitations such as aeration limitation (i.e., too much
moisture like in riparian areas) will become the controlling
variable on the magnitude of soil CO, efflux [see, e.g., Luo
and Zhou, 2006; Pacific et al., 2008]. In fact, UAA was not
a good predictor of cumulative soil CO, efflux in riparian
areas (2% of watershed area) likely because vegetation and
microbial activities in these areas are less moisture limited
during most of the growing season, confirming that there is
a fundamental difference in processes leading to soil CO,
production and flux between riparian areas and forested
uplands as corroborated by cluster analysis of soil CO,
effluxes as well as terrain and landscape analysis. Taken
together, however, our findings reinforce the concept of
concomitant effects of multiple variables occurring in space
and time.

[36] Accounting for landscape heterogeneity, drainage
patterns, and watershed area, our upscaled estimates of
watershed-scale soil CO, efflux (799.45 + 151.1 g CO,
m? over 83 days) compared within ~2% of independent
eddy covariance estimates of nighttime ecosystem respira-
tion over the forest for the same period (Table 2 and
Figure 9). While counteracting errors and no daytime cor-
rection in eddy covariance measurements [Riveros-Iregui et
al., 2008] may contribute to good agreement between these
estimates, leaf-level measurements of autotrophic respiration
made throughout the season demonstrated that nighttime
aboveground respiration is considerably low in this ecosys-
tem (<8%; D. Muth, unpublished data, 2006). This rationale
suggests that soil CO, efflux represents a large component of
the ecosystem respiration. While it is likely modest, the role
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of other types of aboveground biomass (e.g., twigs, branches,
trunks) in contributing to ecosystem respiration, as well as
daytime extrapolation for nighttime ecosystem respiration
measurements, remain to be addressed.

[37] Nonetheless, the level of comparison between
upscaled soil-based measurements that captured and
accounted for structured heterogeneity, and independent
tower measurements performed over the canopy forest is
highly encouraging. Our study demonstrates topographic/
topologic controls on the magnitude of soil CO, efflux in
heterogeneous regions. The temporal scales of this organi-
zation remain to be tested and examined. For example, is
there legacy of these topographic controls? Further inves-
tigations are warranted to address whether these dynamics
are a reflection of geomorphic evolution and soil/biogeo-
chemical development or they are simply reflections of
contemporary water content and vegetation distribution.

[38] The effect of interannual climate variability on the
spatial variability of soil CO, efflux remains unknown, and
how climate variability (e.g., dry versus wet year, late
snowmelt, reduced snowpack) will affect different land-
scape elements within a watershed or if particular elements
(e.g., wet riparian meadows) are especially prone to climate
variability. Our findings have important implications for
quantitative assessments of soil CO, efflux from heteroge-
neous landscapes and provide a conceptual framework for
soil CO, efflux variability based on simple landscape
discretization, topographic analysis of landscape structure,
and empirical relationships developed from repeated obser-
vations of soil CO, efflux.

4.4. Can the Shape of the Landscape (Structure) Affect
the Generation and Flux of Seil CO, in Subalpine
Ecosystems?

[39] To further our understanding of the effects of land-
scape structure and controls on watershed-scale soil CO,
efflux, we created three synthetic watersheds varying in
shape and slope, which were intended to represent progres-
sively simpler models of the Stringer Creek watershed
(Figure 8). Natural watersheds contain elements from these
three synthetic DEMs, yet these DEMs are simplified
versions of natural systems. The three synthetic watersheds
are characterized as follows: (1) a symmetrical, convergent
(bowl shaped) watershed; (2) a planar and steep watershed
with constant slope; and (3) a planar watershed with gentler
slope (Figure 8). Catchment area was comparable to the
Stringer Creek watershed, and results are area normalized.
For each DEM, we calculated UAA in a similar manner as
for Stringer Creek DEMs described previously (section 2).
We applied the same empirical model and used the same
two-step approach as for Stringer Creek watershed to
estimate watershed-scale soil CO, efflux from each synthetic
DEM (Figure 9).

[40] Watershed-scale soil CO, efflux estimated from these
synthetic watersheds was 50, 58, and 98% higher than that
measured and upscaled from the Stringer Creek watershed
(Figure 9b). The estimated efflux increased as watershed
complexity decreased. Decreasing complexity resulted in
reduced water rerouting, modifying lateral redistribution of
soil water throughout each watershed. In successively
simpler watersheds, UAA values progressively increased
in uplands (i.e., uplands became progressively “wetter”),
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characterized as follows: (b) a convergent watershed; (c) a planar steep watershed; and (d) a planar, gentle
slope watershed. Watersheds vary in shape and slope, decreasing in terrain complexity from Figure 8a to
Figure 8d.

increasing the frequency of high UAA values (Figure 9a).
Natural systems exhibit heterogeneities in shape (e.g.,
convergence, steepness, divergence) that influence soil
water redistribution, concentrating UAA (or watershed area)
to lower parts of the watershed. These heterogeneities were
limited in the synthetic DEMs (Figures 8b—8d), therefore
the distribution of soil water was more uniform across the
landscape. The least complex watershed (gentle slope;
Figure 8d) exhibited the highest estimated soil CO, efflux,
because the structure of this watershed allowed for a more
homogenous distribution of UAA than the natural and other
two synthetic, but more complex, watersheds.

[41] We calculated the kurtosis of the distribution of UAA
values of each watershed as a metric of structural complex-
ity. This metric allowed for intercomparison of the natural
and the three synthetic watersheds (Figure 10). Although a

(a) The 25-m contours for Stringer Creek and for three synthetic digital elevation models

simple metric, this analysis (Figure 10) demonstrated that
for these ecosystems, landscape structure (and resulting
UAA distribution) plays a major role in controlling water-
shed-scale rates of soil CO, efflux. This compelling relation-
ship and the inherent conceptual framework warrant further
investigation. Specifically, how applicable is this concept
across other heterogeneous sites? What are the effects of
climate variability (e.g., enhanced precipitation) on these
emergent patterns in subalpine ecosystems? What are the
process time scales and additional covarying variables
affecting these relationships? What are the specifics of
point-scale biological and physical processes across these
landscape positions and how do they vary? The demon-
strated correlation between landscape position/watershed
structure and seasonal estimates of soil CO, efflux based
on repeated measurements offers promise for upscaling
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(a) Distribution of calculated 3-m UAA for Stringer Creek watershed and the three synthetic

watersheds presented in Figure 8. (b) Seasonal soil CO, efflux for the same watersheds, based on the

relationships found in Figure 7.

rates of soil CO, efflux rates from large areas, downscaling
from coarser spatial measurements, and interpreting point-
and plot-scale measurements and what aspects of the system
they represent. Our study demonstrates that while biophys-
ical heterogeneity is inherent in natural systems, this het-
erogeneity often exhibits a high degree of organization that
can be of advantage to watershed and landscape scale
studies.

5. Conclusions and Implications

[42] 1. Riparian meadows were found to have the highest
rates of cumulative soil CO, efflux across the entire
watershed on the basis of soil chamber measurements across
62 sites of a subalpine watershed and during the 2006
growing season. This assessment, made through two-way
cluster analysis of all sites, confirmed independent riparian
upland assessment made through terrain analysis and land-
scape delineation.

[43] 2. Empirically upscaled soil CO, efflux for the entire
Stringer Creek watershed (799.5 + 151.1 g CO, m™2 over
83 days) compared within 2% of independent estimates of
nighttime ecosystem respiration measured over the forest
canopy with the eddy covariance technique for the same
period. The upscaled estimates were based on landscape
discretization, topographic analysis of landscape structure,
and empirical relationships developed from repeated meas-
urements of soil CO, efflux.

[44] 3. Topography and landscape structure are strong
indicators of the variability and magnitude of soil CO,
efflux from complex watersheds. Landscape context and
controls on heterogeneity are critical to estimation and
interpretation of watershed-scale rates of soil CO, efflux.
Landscape analysis is a critical tool for upscaling plot or
point measurements to larger spatial scales, with regards to
soil CO, efflux and likely many other biogeochemical
processes mediated by soil temperature, soil water content,
and the surface energy balance.

[45] 4. Modeled soil CO, efflux from three synthetic
DEMs, varying in shape and slope with progressively less

topographic complexity resulted in 50, 58, and 98% higher
efflux estimates than that measured and upscaled from the
Stringer Creek watershed. Decreasing complexity resulted
in a more homogeneous distribution of UAA across the
landscape owing to reduced flow path convergence and
divergence, resulting in less lateral redistribution of soil
water throughout each watershed.

[46] 5. Our results have important implications for inter-
preting and evaluating rates of soil CO, efflux from hetero-
geneous landscapes, and improved process understanding of
watershed-scale (km?) soil CO, efflux variability. This in-
formation is necessary to reduce uncertainty in ecosystem
exchange of C, promote integration with other measures of
ecosystem C exchange (e.g., eddy covariance in heteroge-
neous landscapes), and enhance parameterization and pre-
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Figure 10. Relationship between the kurtosis (K) of UAA
and predicted seasonal CO, efflux for the Stringer Creek
watershed and the three synthetic cases: a convergent
watershed, a planar steep watershed, and a planar gentle
slope watershed.
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diction of watershed-scale fluxes. These implications, and the
concept of “organized heterogeneity,” should be considered
when measuring and modeling the dynamics of C cycling at
progressively larger scales or when attempting to downscale
large-scale measures.
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