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Abstract Climate-driven changes in carbon (C) cy-
cling of forested ecosystems have the potential to alter
long-term C sequestration and the global C balance.
Prior studies have shown that C uptake and partition-
ing in response to hydrologic variation are system
specific, suggesting that a comprehensive assessment
is required for distinct ecosystems. Many sub-humid
montane forest ecosystems in the US are projected to
experience increased water limitation over the next
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decades and existing water-limited forests can be used
as a model for how changes in the hydrologic cycle
will impact such ecosystems more broadly. Toward
that goal we monitored precipitation, net ecosystem
exchange and lateral soil and stream C fluxes in three
semi-arid to sub-humid montane forest catchments for
several years (WY 2009-2013) to investigate how the
amount and timing of water delivery affect C stores
and fluxes. The key control on aqueous and gaseous C
fluxes was the distribution of water between winter
and summer precipitation, affecting ecosystem C
uptake versus heterotrophic respiration. We further-
more assessed C stores in soil and above- and below-
ground biomass to assess how spatial patterns in water
availability influence C stores. Topographically-
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driven patterns in catchment wetness correlated with
modeled soil C stores, reflecting both long-term trends
in local C uptake as well as lateral redistribution of C
leached from upslope organic soil horizons to conver-
gent landscape positions. The results suggest that
changes in the seasonality of precipitation from winter
snow to summer rain will influence both the amount
and the spatial distribution of soil C stores.

Keywords Carbon budget - Forested - Critical zone -
Water limitation - Biomass - Soil - Lateral carbon
transfer

Introduction

Carbon (C) storage in terrestrial ecosystems has an
important function in regulating global climate and is
therefore intensively studied (Bloom et al. 2016;
Houghton 2005; Houghton et al. 1998; Lal 2005;
Schimel et al. 2001). The C balance of terrestrial
systems varies both regionally and by ecosystem type
(Bradford and Crowther 2013; Houghton 2007;
Houghton et al. 1998) but aggrading forested systems
typically act as net C sinks on the time scale of decades
as biomass accumulates (Amiro et al. 2010; Lal 2005;
Schimel et al. 2001) and centuries as C is transferred to
soil (Kaiser et al. 1996; Lal 2004; Schmidt et al. 2011).
The amount of C exchanged among atmospheric,
terrestrial and aquatic reservoirs depends on a com-
plex interplay between various drivers such as climate,
topography (Lybrand and Rasmussen 2015), parent
material (Heckman et al. 2009), substrate age (Torn
et al. 1997), land use, and biota. Quantifying these
reserves and exchanges is a fundamental step towards
predicting future C source/sink dynamics.
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Several studies have compiled partial budgets, for
example, by quantifying riverine C efflux and stream
water exchange and comparing these with atmo-
spheric fluxes (Jonsson et al. 2007; Oquist et al. 2014;
Rowson et al. 2010; Shibata et al. 2005; Zhou et al.
2013). A recent study by Oquist et al. (2014) showed
decreased annual net C uptake in a seasonally snow
covered boreal catchment during wet years because
associated cloud cover induced energy limitation of
vegetation productivity. The decrease in net uptake
was accompanied by increased lateral aqueous C
losses, potentially diminishing the capacity of the
boreal forest critical zone (CZ) to act as a C sink in wet
years. These results highlight the complex and unan-
ticipated interactions between ecosystem C uptake and
lateral losses that can occur with inter-annual variation
in climate. Questions remain as to whether these types
of patterns hold true across other seasonally snow
covered environments. While several studies have
examined gross primary productivity (GPP) as a driver
of biomass accretion (Keith et al. 2009) and soil C
stabilization (Battin et al. 2009; Lal 2005; Schimel
et al. 2001), other components of the systems
remained unmeasured in these studies. Full C bud-
gets—i.e., the inventory of C fluxes and stores that
would allow for additional insight into the rate of
accretion to or loss from various stores—have not
been compiled at the watershed scale.

Seasonally snow covered ecosystems are particu-
larly important because they are abundant (covering
one-third of the Earth’s land surface) and sensitive to
climate change. Changes in the climate system will
lead to an overall redistribution of precipitation (IPCC
2013) and alter the partitioning of C uptake and loss. A
markedly vulnerable subgroup of seasonally snow-
covered environments is represented by semi-arid and
sub-humid ecosystems where the amount and timing
of water delivery may limit net primary productivity.
Impacts of climate change, such as a decline in winter
snow and mean annual precipitation (MAP), and
increases in mean annual temperature (MAT) and
vapor pressure deficit (VPD), are expected to manifest
themselves sooner in these systems (Breshears et al.
2008; Park Williams et al. 2013). Even small shifts in
the timing or spatial distribution of water delivery may
impact C dynamics in fundamental ways.

The principal C fixers in forested systems are
deeply-rooted autotrophs with access to ground water
(Gochis et al. 2010). Furthermore, recent work has
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suggested that lateral ground water subsidy can
supplement plant available water, increasing forest C
uptake in areas of topographic convergence (Fan et al.
2013; Thompson et al. 2011a, b). In snow-dominated
systems, this ground water is typically recharged
during snowmelt (Zapata-Rios et al. 2015b) and is
utilized in the following growing season. In contrast,
soil microorganisms contributing to heterotrophic soil
respiration, do not have access to this deep water
supply, but are instead dependent on summer rains to
support their metabolism. These biological demands
for water thereby limit its availability for aqueous
lateral C transfers as well as for vertical heterotrophic
respiratory fluxes. Together, these catchment-scale
hydrological processes suggest that differences in the
seasonality of precipitation influence both temporal
and spatial patterns in C storage and flux.

We therefore postulate (hypothesis 1) that GPP is
highest in years with wet winters and that ecosystem
respiration (R) is greatest in years with wet summers,
resulting in smallest net ecosystem C uptake in years
with dry winters and wet summers. We further
hypothesize that—unlike wetter sites, such as the
boreal forest sites studied by Oquist et al. (2014)—in
sub-humid forests, soil and stream water dissolved C
fluxes are small relative to land—atmosphere exchange
because water is either partitioned into groundwater
stores and/or consumed in evapotranspiration (hy-
pothesis 2). Furthermore, if C fluxes depend on water
availability, long term trends in wetness might be
reflected in C stores as well. We therefore hypothesize
that catchments with greatest wetness will exhibit
largest biomass and soil C stores (hypothesis 3).

In order to investigate the links between inter-
annual variation in climate, precipitation timing, and C
fluxes and stores for such a snow-dominated system,
we compiled a complete C budget for three headwater
catchments in the Jemez River Basin Critical Zone
Observatory (JRB-CZO). The semi-arid to sub-humid
climate of our study site includes high inter-annual
precipitation variability, with approximately half of
the annual precipitation introduced as snow and the
other half as summer (monsoon) rain. Specifically, we:
(i) monitored biosphere—atmosphere exchange of
water and C with eddy covariance estimates of net
ecosystem exchange (NEE), GPP, and ecosystem
respiration; (ii) quantified soil C fluxes, and (iii)
measured lateral C exports in streamflow in all three
catchments for water years (WY) 2009-2013. We

furthermore assessed C storage in soil and biomass as
well as shallow groundwater.

Materials and methods

A summary of data acquisition methods is presented
here with more details provided in the electronic
online resources.

Site description

The three headwater catchment ecosystems reside on
different aspects of a single resurgent rhyolitic dome,
Redondo Peak, in the Jemez River Basin Critical Zone
Observatory (JRB-CZO), located in the Valles Cal-
dera National Preserve (VCNP) northwest of Albu-
querque, NM at 35.8°N, 106.5°W (Fig. 1a, b). The
catchments drain the north, east and southeast slopes
of Redondo, allowing us to explore several catchments
of similar physiographic characteristics, including
drainage area, bedrock type, regional climate, vege-
tation, slopes and elevation gradients (Table 1) (Per-
drial et al. 2014a). Vegetation in all three catchments
is dominated by mixed-conifer species including blue
spruce (Picea pungens), Douglas fir (Pseudotsuga
menziesii), white fir (Abies concolor), corkbark fir (A.
lasiocarpa var. arizonica), Engelmann spruce (Picea
engelmannii) and some interspersed aspen (Populus
tremuloides) (Broxton et al. 2009; Coop and Givnish
2007; Muldavin and Tonne 2003). Soils on Redondo
include a mix of Mollisols, Andisols, Alfisols, and
Inceptisols (Fig. 1c, Muldavin and Tonne (2003)). All
soils classify as “Vitrandic” subgroup (SoilSur-
veyStaff 2011) and are characterized by an abundance
of volcanic glass, moderate to strong acidity, clay
contents ranging from 15 to 39%, and organic C
contents ranging from 29% in some surface horizons
to less than 0.2% in subsoils (Vazquez-Ortega 2013).
Inorganic C was not detected in these soils. Secondary
mineral phases include kaolinite and smectitic clays,
and smaller mass fractions of crystalline and short-
range-order (oxyhydr)oxides (Vazquez-Ortega 2013;
Vazquez-Ortega et al. 2015).

The dominantly north-facing catchment, Jaramillo
Creek, hereafter denoted ‘N’, drains an area of 305 ha,
whereas La Jara is dominantly east-facing (hereafter
denoted ‘E’, 367 ha) and History Grove is south-east-
facing (hereafter denoted ‘SE’, 242 ha, Fig. 1b). All
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Fig. 1 a Location of Redondo dome within the Valles Caldera around Redondo Dome showing riparian area contribution and
National Preserve (VCNP) in northern New Mexico. b Jemez plot location delineated based on a 1 m digital elevation map.
River Basin Critical Zone Observatory (JRB-CZO) catchments ¢ Dominant soil units of study catchments

Table 1 Characteristics of studied catchments. Aspect (in degrees) of 360 is north, 90 is east, and 180 south

Catchment  Aspect Area Elevation Slope Canopy cover > 2 m agl %
(degrees) (ha) (m) min < mean + SD < max % + SD (%) Riparian
N 353 305 2722 <2925 £ 117 < 3.323 27 £ 19 48.77 18 £ 0.3
SE 113 242 2.862 < 2.948 £ 96 < 3.308 24 £ 13 55.52 13+ 1.6
E 95 367 2.701 < 3.100 & 155 < 3.429 29+ 17 59.86 15+£03
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catchments were logged in the 1930s-1970s (Allen
1989), however N was logged more intensively
(Parmentier et al. 2007). Topographic characteristics
(e.g., slope, aspect, drainage area, and local curvature)
were calculated from a 1 m resolution bare-earth
digital elevation model (DEM) derived from a light
detection and ranging (LiDAR) dataset collected by
the National Center for Airborne Laser Mapping
(NCALM) in summer of 2010 (ArcGIS10.0, data
available at http://criticalzone.org/catalina-jemez/
data/). Topographic wetness index (Beven and
Kirkby 1979) was calculated as A = In(a/tanf}), where
a is the unit or specific catchment area in meters
(calculated here using the D-inf multiple-flow-direc-
tion algorithm for flow routing (Tarboton et al. 1991),
and f is the slope in degrees, based on the DEM. Solar
radiation was computed on a monthly basis using an
hourly time step, a sky view of 300 pixels, 32 calcu-
lation directions, eight zenith and azimuth divisions,
and uniform clear sky conditions using ArcGIS Spatial
Analyst Tools (Fu and Rich 1999). Effective energy
and mass transfer (EEMT)—a measure of the energy
available for weathering below the ground surface as
derived from both effective precipitation and net pri-
mary production (Rasmussen et al. 2011)—was cal-
culated according to the EEMTropo method described
in Rasmussen et al. (2015), which includes contribu-
tions from lateral water transport and aspect-induced
variation in vegetation productivity.

Climate and hydrologic response

Over the study period mean annual temperature in the
JRB-CZO catchments ranged from 4.2 to 5.3 °C, with

Table 2 Mean annual and seasonal temperatures for the study
sites for 4 years derived from the weather station of the Zero
Order Basin in E (http:/criticalzone.org/catalina-jemez/data)

Water year 2009 2010 2011 2012

Mean annual temperature (°C)

Average 4.7 4.2 5.1 5.3

Min —162 —153 — 26 —11.7

Max 19.1 19.0 19.3 18.1
Seasonal temperature (°C)

Average winter - 0.5 - 1.7 - 03 0.1

Average summer 11.9 12.4 12.5 13.1

large variations in minimum—but not maximum—
values (Table 2). Precipitation was bimodal; approx-
imately half of mean annual precipitation is snow
during winter (October—April) and the other half is
rain during the North American Monsoon (July—
September). Total precipitation varies from about
550 mm at 2600 m a.s.] to 830 mm at 3000 m a.s.l,
with increases at higher elevation due to local
orographic lifting (Brooks and Vivoni 2008). Stream
discharge during spring snowmelt is ca. an order of
magnitude higher than winter base flow, although
discharged water derives from pressure-wave induced
displacement of ground water that has a subsurface
residence time of > 1 years (Zapata-Rios et al.
2015b). Conversely, due to greater evapotranspiration
demand in summer, North American Monsoon rains
result in less stream water yield than does snowmelt
(Broxton et al. 2009; Liu et al. 2008).

Distributed water balance with SnowPALM

We used SnowPALM, a high temporal (1 h) and
spatial (to 1 m) resolution mass and energy balance
microclimate model, to distribute measurements of
rainfall, snowmelt, and evapotranspiration for each of
the study catchments (Broxton et al. 2015). Snow-
PALM accounts for topographic and vegetation influ-
ences on radiation, interception, and the turbulent
exchanges of mass and energy at the snow surface by
combining a variety of existing formulations for
processes such as interception (Pomeroy et al. 1998),
canopy attenuation of radiation (Mahat and Tarboton
2012) and wind distribution of snowfall (Winstral
et al. 2002), on top of an energy balance snow model
(online resource).

Carbon budget

We combined direct observations of land—atmosphere
exchange, soil solution flux, and hydrologic export in
stream water with spatially extensive observations of
storage in biomass and soil to evaluate controls on
long-term C storage in catchment ecosystems.

Annual C uptake
NEE and GPP data were obtained from an eddy

covariance flux tower situated in mixed conifer forest
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on a ridge between the N and SE catchments. The
tower is part of both the JRB CZO and the AmeriFlux
network (Valles Caldera Mixed Conifer/US Vcm,
http://ameriflux.ornl.gov (Anderson-Teixeira et al.
2011; Perdrial et al. 2014a), Fig. 1b). Tower-based
NEE values were partitioned into total C uptake
through photosynthesis (GPP) and total ecosystem
respiration (Ciais et al. 2005). We note that respiration
may be underestimated (NEE and GPP overestimated)
due to the position of the tower on the ridge top
(Pypker et al. 2007). We subsequently partitioned
annual C inputs into above and below ground alloca-
tions using the relationships between productivity and
total below ground C allocation developed by Litton
et al. (2007). Herbaceous productivity was quantified
in 41 grassland monitoring transects through differ-
ential clip harvests in the spring and fall and checked
against results from clip harvests in 32 one m? plots
sampled on two 80 m transects at the flux tower in the
spring and fall. Every 10 m, two plots were harvested,
one under the forest canopy, and one in the interspace
(online resource).

Hydrologic C export

Soil dissolved organic carbon (DOC) and water fluxes
were measured during 2011 and 2012 using 18 passive
capillary wick samplers (PCAPS, Perdrial et al. 2012)
installed in the headwaters of E. DOC flux was
calculated as (DOC concentration * volume col-
lected)/PCAP sampler area. Because the wicks release
dissolved inorganic carbon (DIC), PCAPS are not
recommended for the quantification of DIC fluxes
(Perdrial et al. 2014b). For DIC flux calculations, we
used results from co-located suction cup samplers
(Prenart, SuperquartzTM, Denmark), since these do not
introduce chemical artifacts. Based on these samples,
we established a rating curve to calculate [DIC] = —
2.565*Ln[DOC] + 11.12. DIC flux was then calcu-
lated as for DOC flux, using water volumes collected
by the PCAPS cross-sectional area (online resource).

We quantified C leached from O-horizons using the
significant correlation between soil water and DOC
fluxes obtained from the PCAPS in E. No overland
flow was observed in these catchments suggesting that
all rainfall or snowmelt infiltrates into at least the
shallow soil layers and that hence total precipitation is
a proxy for shallow soil water flux (Liu et al. 2008;
Zapata-Rios et al. 2015a). To estimate this flux for
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each catchment we used the SnowPALM output for
total precipitation for each catchment and calculated
water flux using the correlation established for E.
Subtracting ground and stream water fluxes from the
soil infiltration flux yields an estimate of soil water C
that is transferred laterally to convergent landscape
positions.

Stream water grab samples were collected at
midday 10 times during WY 2010, 20 times during
WY 2011 and 19 times during WY 2012 from March
(pre-snowmelt) to October (post-North American
Monsoon). No stream water was sampled over the
winter due to access limitations, but hydrograph data
indicate consistent base flow discharge values prior to
the snowmelt sampling period. Analysis of DIC
involved instrumental acidification of solution fol-
lowed by purging for infrared measurement of CO,,
whereas analysis of DOC was by high temperature
combustion of the purged samples, followed also by
infrared CO, detection (Shimadzu TOC-VCSH,
Columbia, MD, USA).

Daily discharge data, obtained from pressure
transducer recordings from flumes with established
rating curves, and solute concentrations were used to
calculate volume weighted mean concentrations
(VWM) for streams (Vazquez-Ortega et al. 2015).
Uncertainty in stream water C flux was calculated on
the basis of a combined maximum analytical error of
5% and a discharge measurement error of 10%
(Perdrial et al. 2014a, b). Sampling bias (particularly
important during winter months) was included using a
Tukey’s jackknife variance estimation (Efron and
Stein 1981).

Spatially distributed C stores
Biomass C

We combined airborne LiDAR mapping, intensive
forest inventory plots, and biomass harvest to quantify
the spatial distribution of biomass C storage. In
summer of 2010, our team measured above-ground
biomass (AGB) in 48 radial 0.1 ha inventory plots
distributed randomly across the JRB-CZO as part of a
LiDAR vegetation biomass calibration effort (Swet-
nam 2013). Aerial LiDAR was collected in June 2010
by the National Center for Airborne Laser Mapping
(NCALM) with an Optech Gemini (Optech Inc.
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Vaughan, ON) using four returns per pulse, operated
1000 m above ground level.

Average herbaceous aboveground C measurements
(Mg C ha™") for the study period were distributed
spatially using mapped montane grasslands, grazeable
forest/woodland, and mesic (i.e. riparian) meadows
(Muldavin et al. 2006). Below ground herbaceous C
and woody C were estimated from below-to-above
ground ratios [online resource, also referred to as root-
to-shoot ratios (Jackson et al. 1996)] derived from
other studies of the same or similar vegetation types
(Cairns et al. 1997; Santantonio and Hermann 1985;
Whittaker and Niering 1975). Below ground biomass
(BGB) was estimated as 33% of above ground biomass
(Robinson 2004). Tables are provided in the online
resource.

Soil and litter C

Surface detritus (also referred to as ‘necromass’),
including the down woody debris and duff layer, i.e.,
O-horizon, was measured using the line-intersect
method (Brown 1971). Soil C concentrations were
determined for a total of 61 soil horizons throughout
the study area (locations indicated in Fig. 1b). Sam-
pling was designed to capture both organic and
mineral horizon depth, bulk density, and organic C
content across a range of landscapes. Twelve locations
were extensively sampled and characterized in 2010
across a range of landscape (variable aspect, planar,
divergent and convergent) positions down to the depth
of refusal (ranging from 84 to 125 cm depth) in E
(SoilSurveyStaff 2011). Because most C was found in
the top 20 cm, additional surface soil samples down to
ca. 20 cm were collected from 17 locations from
catchment SE and N. Total soil C stocks presented
here represent the sum of organic and mineral horizon
contributions. Error propagation, based on standard
deviations of mineral and organic horizon C concen-
trations, was used to constrain the error on total soil C
stock estimates (online resource).

Soil C mass fraction was determined on the fine
earth (<2 mm) fraction of all samples using high
temperature dry combustion with CO, quantification
by infrared gas analysis on a Shimadzu TOC-VCSH
analyzer equipped with SSM-5000A solid sample
module (Columbia, MD, USA). Inorganic C was
measured using the same instrument operated at lower
temperature to assess CO, evolution upon H3;PO,

addition, but inorganic C was below detection limit in
all soil samples.

Soil C data from discrete sampling locations were
used to generate a landscape scale model soil C stocks
throughout the three catchments, building on observed
differences among riparian and hillslope landscape
locations. Soil pit data collected as described above, as
well as 160 soil profile descriptions collected previ-
ously (USFS, unpublished) indicated that nearly all
soil profiles exhibited an exponential decrease in C
content with depth (online resource). An exponential
model fit to all available soil profiles effectively
described the C decrease with depth. A generalized
exponential model using the median parameter esti-
mates coupled with modeled soil depth following
Pelletier and Rasmussen (2009) was used to extrap-
olate soil C stocks (online resource).

Shallow ground water

Ground water from springs and seeps were sampled in
all three catchments in spring and summer of WY2012
(Fig. 1b). Previous research indicated that residence
times are consistent with snowmelt recharge and use
by vegetation the following year (Broxton et al. 2009).
Samples were processed and analyzed as described for
stream water samples below. DIC and DOC masses in
ground water were then calculated by multiplying
spring water C concentrations, averaged over each
year for each catchment, by ground water storage
volume as calculated by Zapata-Rios et al. (2012) for
the years 2010 and 2011 (online resources).

Statistical analyses

All statistical analyses were performed using JMP pro
11 (SAS, Cary, NC). Data used for correlations and
analysis of variance (ANOVA) were tested for
normality by evaluating the goodness of fit (Shapiro-
Wilkes) to normal distributions. Values below Prob <
W of 0.05 indicate non-normality of the underlying
distribution. For all data, Prob < W values were above
this threshold (0.9 and higher) with the exception of
snow water equivalent (in SE), effective precipitation
and total summer precipitation (in E). However, even
in these cases, Prob < W values were very close to the
threshold (0.04) and normal distribution is likely.
Repeated measures ANOV A was performed to test for
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main effect of year, catchment, or a combination of
both.

Results
Inter-annual variation in hydroclimate

Both point observations and the SnowPALM model
results for distributed precipitation showed high
variations in inter-annual precipitation (Table 3).
Total precipitation was similar for the three catch-
ments, decreasing over the course of 4 years. Maxi-
mum snow water equivalent (SWE) was similar for the
WYs 2009, 2010 and 2012, but SWE for WY2011 was
significantly lower (p < 0.0001). Summer precipita-
tion was highest following the dry winter in WY2011
and lowest in WY2012 (p < 0.02). Effective precip-
itation (i.e., total precipitation minus evapotranspira-
tion) was typically positive in winter, when
precipitation exceeded evapotranspiration, and nega-
tive in summer, when evapotranspiration outpaced
seasonal precipitation. The exception was the wet
summer of WY2011 when, due to a combination of
increased precipitation and reduced evapotranspira-
tion, effective precipitation for the catchments ranged
from 47 to 80 mm versus — 74 to 5 mm for the other
years. Comparing the distribution of precipitation
among the three catchments, SE appears the driest in
all years for both winter and annual effective precip-
itation, whereas E was often the wettest catchment, but
due to large inter-annual variability these differences
were not significant when data are integrated over the
full study period (prop > F > 0.4).

Spatial variation of radiation, wetness and EEMT

Radiation and EEMT varied amongst catchments
while wetness varied by landscape position. E and
SE received more solar radiation, mostly at higher
elevation, than N (Fig. 2a). Annual catchment aver-
ages for solar radiation in GJ ha~! were 61,760 for N,
68,340 for SE and 67,910 for E. Topographic wetness
varied with landscape position in each catchment but
the catchments exhibited similar average values
because of similar slope (ranging from 8.7 for N to
8.8 for E, Fig. 2b). EEMT was highest in E and N,
mostly at higher elevation due to increased solar
radiation and precipitation (Fig. 2c).

Gaseous C fluxes: catchment-scale GPP,
ecosystem respiration and NEE

Gross primary productivity showed large inter-annual
variability; it was highest in WY2012 and lowest in the
dry WY2011. Due to relatively high respiratory C
losses, WY2011 showed the least negative NEE
values (25% lower magnitude NEE compared to the
wetter years; the negative values indicating net
ecosystem C uptake). For the other years, respiration
was similar (ranging from 6.50 to 6.79 Mg C ha™!
year™ ") but variations in GPP resulted in variable NEE
(Table 4).

Aqueous C fluxes
Stream water DOC and DIC exports were three orders

of magnitudes lower than observed NEE (Table 4),
but similarly impacted by inter-annual variability in

Table 3 SnowPALM results of precipitation in mm for all 3 catchments

Water year 2009 2010 2011 2012

Catchments N SE E N SE E N SE E N SE E
Pt 747 752 778 683 677 740 650 659 663 588 595 494
SWE ax 211 188 210 221 196 250 94 79 104 238 207 254
Psummer 306 305 306 282 281 294 330 333 299 220 231 90
P 224 191 241 196 164 239 138 112 142 166 127 144
P summer -1 -8 0.1 0.3 -2 5 79 80 47 — 26 - 37 — 74

Total precipitation (P,,), maximum snow water equivalent (SWE,,,,), summer precipitation (Psummer), effective precipitation for
the entire year (P.g) and the summer months (06/01-09/30), P.¢ summer). Associated error for model output is estimated to be 14%,
a value that is derived from the comparison of model output and actual measurements (Broxton et al. 2015)
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Fig. 2 Maps derived from 1 m resolution bare earth LIDAR DEM for a solar radiation, b topographic wetness index (TWI), and ¢ for

effective energy and mass transfer (EEMT)

precipitation. Stream water C fluxes were lowest for
the dry WY2011, significantly higher for WY2010
(p < 0.02) and intermediate for WY2012. Compared
to the two other catchments, N exported more DOC
(33-57%) and DIC (30-67%) in stream water across
all WY’s (Table 4). Total riverine C effluxes
accounted for less than 0.25% of NEE, with the
lowest riverine contribution in the dry WY2011.

Dissolved soil C fluxes
Total dissolved soil C fluxes (DOC + DIC) measured

at different locations within a headwater zero-order
catchment were variable but, averaged over 3 years,

they were four times higher than the average riverine C
export suggesting that large amounts of soil C were
being redistributed within the catchment along sub-
surface flowpaths. Dissolved soil C fluxes again varied
with inter-annual variation in precipitation during WY
2011-2013 (Fig. 3). The highest soil C fluxes were
observed in the O-horizons across all years with
WY2012 producing larger fluxes in the near surface
horizons. The difference in fluxes between years was
only significant for the O horizon (student test,
p < 0.03), and close to the threshold for B/C horizon
for 2011 versus 2013 (p < 0.07). Mineral soil horizons
yielded significantly less soluble C flux than the
O-horizons (student test, p < 0.03).
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Table 4 Carbon fluxes for the study area and WY2009-2012 in Mg ha™' year™ 'from the flux tower for gross primary productivity
(GPP), ecosystem respiration (R), and net ecosystem exchange (NEE) and in kg ha™' year™! for dissolved organic and inorganic
stream water fluxes (DOC and DIC, all reported as C)

2009 2010 2011 2012
gaseous fluxes [Mg ha'yr]
GPP 11.67 12.86 11.52 13.44
R 6.50 6.64 7.44 6.79
NEE -5.17 -6.22 -4.08 -6.65
riverine effluxes [kg ha™yr]
N SE E N SE E N SE E
DOC NA 6.85 4.56 3.39 2.08 1.25 1.13 5.43 2.84 2.35
stdev NA 0.16 0.12 0.06 0.05 0.00 0.01 0.09 0.04 0.04
DIC NA 8.94 5.49 6.25 2.73 0.91 1.57 4.57 2.51 2.81
stdev NA 0.39 0.13 0.18 0.09 0.00 0.03 0.05 0.05 0.03
ol
riverine 15.79 10.05 9.64 4.81 2.16 2.7 10 5.35 5.16
fluxes NA
Std Err NA 0.42 0.18 0.19 0.10 0.00 0.03 0.10 0.06 0.05

Connecting water and C fluxes

The impact of seasonality of precipitation on C fluxes
is exemplified by the strong, significant correlations of
water versus gaseous and aqueous C fluxes (Fig. 4).
Annual respiration showed a positive correlation with
effective summer precipitation (Fig. 4a) while GPP
and NEE were negatively correlated with total and
effective summer precipitation (r* = 0.57 and 0.54 for
GPP and 047 and 0.76 for NEE, respectively,
p < 0.005, data not shown). The relationship of annual
NEE with winter precipitation showed the opposite
trend, where an increase in maximum snow water
equivalent (SWE) led to an increase in net ecosystem
C uptake (negative NEE, Fig. 4b). This relationship
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was mostly driven by increased GPP in snow rich
years (r2 = 0.72, p < 0.009, data not shown). Stream
water C fluxes showed a significant positive correla-
tion with annual effective precipitation (Fig. 4c) and
weaker correlations with SWE (1r2 =0.39, p =0.07)
and effective summer precipitation (1> = 0.13,
p > 0.3, data not shown). Soil dissolved C fluxes
correlated significantly with soil water fluxes
(Fig. 4d). Very high soil C fluxes for relatively low
water fluxes were measured in samples derived from
one wetland-type location in the catchment. Compar-
ing monthly total precipitation with GPP, ecosystem
respiration, NEE and soil C fluxes shows the pro-
nounced seasonality of water and C fluxes (also see
online resources). Total water input to the systems was
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Fig. 3 Soil dissolved C (DOC and DIC) fluxes as a function of
approximate genetic soil horizon averaged over 6 soil pit
locations in the E headwaters for WY2011-2013. O organic
horizon, A accumulation horizon, B/C mineral soil close to
bedrock

high during snowmelt and the growing season and led
to high GPP, high respiration, high negative NEE
(since GPP > respiration) and lateral fluxes (soil and
stream water).

Spatial distribution of soil C fluxes

Given the strong relationships between water avail-
ability and C fluxes, we developed correlations
between soil C parameters and hydrologic parameters
(Fig. 4d) that we used to extrapolate C fluxes. For this
we used the relationship between soil water and C
fluxes established in E to estimate soil C fluxes using
the regression equation for the correlation between
dissolved soil C and soil water flux (see Fig. 4d). As
water flux, we used model output for total precipita-
tion because all water infiltrates at least into the
shallow soil horizons (no overland flow, see online
resource).

C leached from shallow soil horizons was domi-
nated by DOC accounting for 87 £ 13% of total
dissolved C (data not shown) and total C fluxes
(DOC + DIC) ranged from ca. 140 to over 200 kg C
ha™' year' (Fig. 5). Overlapping error bars indicate
that the differences between years (and catchments)
are not significant, as was confirmed by repeated
measures ANOVA (prob > F was 0.3 and 0.9 for

difference  between years and  catchment,
Fig. 4 Selected correlation 12 0
of water versus C fluxes. (a) oN (b) oN
a effective summer R SE SE 1
ipitati . p <0.001 R2=0.79 oF i
precipitation (P.g summer — 10 oE p < 0.0005 2
between 06/01 and 09/30) 5 RA= 051 3 E
Versus ecosystem & o ™
respiration (R), b maximum s 8 i &y -4 <
snow water equivalent =3 2 T 1 e TN T 5 =
(SWE,..x) versus net = e -‘1—‘} J}— . ij_“ u
ecosystem exchange (NEE), 6 ] L — E" ° 6 =z
¢ Annual P versus total 5 H:[ in Lo 7
stream water C flux, d Soil
water flux versus soil C 4 -8
(DOC and DIC) flux. -100.0 0.0 100.0 200.0 0 200 400
Regression is shown for Pegr summer [mm] SWEay [mm]
O-horizon samples only (for 35
. 250
all depth excludmg the (c) oN (d) oE 2011
wetland samples r~ was — 30 T SE ; ®E 2012
0.78,p < 0.0001). Not.e tl}at L oE Y oE 2013 200 T
et ecosem upae | E 1 | 5
Y P 2 20 , / Wetland 150 £
= R*=0.5031 = / samples =
e 15 p<0.04 ! / /y=02809x+09712 | 100 3
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§ 10 1 = { ‘/ p <0.0001 =
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Fig. 5 C leached from O-horizons calculated from total
precipitation and the relationship between water and soil C
fluxes from passive capillary wick samplers (PCAPS) in the
headwaters of E

respectively). Part of this C leached from shallow soil
horizons was partitioned into shallow ground water,
the volume and composition of which we estimated
from water storage (Zapata Rios et al. 2015a, b) and
spring water composition for two water years (2010
and 2011). Highest ground water storage volume was
estimated for N in 2010 followed by E in 2010,
whereas lowest storage volume was estimated for SE
in both years (Table 5). Dissolved C in shallow ground
water was dominated by DIC (accounting for up to
80% of dissolved C) and highest for E (Table 5) but
did not exceed 6 kg C ha~' year™ ', thus representing
less than 4% of leached C.

Reservoirs: biomass and soil C

Total biomass C storage was lowest in N catchment
(Table 6; Fig. 6a) with the difference due to percent
forest cover, grassland, exposed rock, and, impor-
tantly, landscape position. Across all three catch-
ments, above ground biomass was up to 1.5 times
higher in riparian and convergent areas than on

Table 6 Estimated C stored in each catchment as measured
by: (1) above and belowground biomass C derived from the
LiDAR mean canopy height (MCH); (2) median woody debris
and duff C extrapolated by forest type and total area of each
type, (3) herbaceous biomass extrapolated from average C by
measured range monitoring transects and total area of each

type

N SE E

Area weighted biomass C density (Mg C ha™")
Mean 134 40 230 + 69 222 + 67
Biomass C density by landscape position (Mg C ha™")

Hillslope C 123 £ 37 223 £+ 67 219 £+ 66

Riparian C 184 £ 55 275 £ 83 237 £ 71
Biomass C reservoir (Mg)

1 forest C 41,749 52,450 82,066

2 debris + duff C 5362 4482 7201

3 herbaceous C 180 198 165

Total 47,291 57,130 89,432
Soil organic carbon (Mg C ha™")

Hillslope SOC 95 + 24 76 + 13 110 £ 35

Riparian SOC 204 + 14 115 £ 8 208 + 14

Weighted mean 114 £ 30 81 + 15 125 £+ 41

Average tons per hectare (Mg C ha™") extrapolated by (4)
hillslope SOC, (5) riparian SOC, and (6) hillslope aboveground
C (AGC), (7) riparian AGC weighted average per hectare
values include non-forested areas, e.g. Felsenmeer fields,
meadows and mountain grasslands. Error for biomass density
was set to 30% since simple error propagation inflated the error
due to the presence of few old growth stands with high
biomass. Error for soil organic carbon (SOC) was propagated
from error of C measurement and spatial distribution

hillslope positions (Table 6). The total biomass C in
each of the three catchments also varied greatly based
on modern land use history with the lowest biomass
for forest types recorded in the logged areas (Fig. 6¢).

Based on the sampled soil profile data, the largest
soil C stores were found in convergent zone soils,
which contain up to twice as much C as planar or

Table 5 Groundwater 2010 2011

dissolved organic and

inorganic carbon (DIC and N SE E N SE E

DOC) in kg ha™! for three

catchments and 2 years GW volume (m3) 9E+-04 2E+4-04 SE+4-04 3E+04 2E+04 4E+04
DOC 0.21 1.14 0.72 0.60 1.10 0.58
SD 0.28 0.60 0.56 0.47 0.59 0.50
DIC 1.54 1.86 5.11 4.34 1.79 4.10
SD 0.34 0.57 0.64 0.57 0.56 0.57
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Fig. 6 a Above Ground Biomass C (AGB) and b total soil C
stocks, representing the sum of average mineral horizon C
stocks and average organic horizon C stocks. Simple error

propagation of mineral and organic horizon C stock standard

divergent hillslopes in the same catchment (N and E,
Table 6). N and E show similar amounts of SOC while
SE stores 20-30% less C in hillslope positions and
40% less in convergent zones than E and N. The
weighted average SOC content based on the relative
contribution of convergent versus non-convergent

(b) Soil

Median Soil C (Mgha™)
Value
wr High : 270

deviations was used to constrain the error on total soil C stock
estimates. ¢ spatial distribution of AGB and d soil C based on
soil depth

landscape positions shows a similar trend: overall E
stores the most SOC, followed by N while SE exhibits
the smallest SOC stores (Fig. 6b). Spatial estimates of
soil C stocks followed landscape patterns of topo-
graphic variation, with the largest C stores in
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convergent areas and relatively low sloping hillslopes
and uplands with deep soils (Fig. 6d).

To test whether we can scale the observation of
links between catchment wetness and soil C stores
down to wet versus dry landscape positions within
each catchment, we compared modeled SOC distri-
bution (which includes, by way of model calculation,
consideration of landscape-position dependent soil
depth) with topographic wetness index (TWI), radia-
tion, and EEMT (see Fig. 2). Results indicate that the
best predictor of C is TWI, explaining > 50% of C
variance, with strong positive correlation (i.e., wet
locations have high C).

Discussion

Our results suggest that seasonal differences in
precipitation influence forest C storage through three
mechanisms. First, winter precipitation is a primary
control on C uptake during the next growing season,
while summer precipitation stimulates respiration to a
greater extent than photosynthesis. Second, lateral
redistribution of soil solution and ground water result
in large above-ground biomass stores in riparian and
convergent zones relative to upslope or flat topo-
graphic positions. Third, the same dynamics lead to
large soil C stores in riparian and convergent zones
relative to upslope or flat topographic positions. We
discuss each of these findings in more detail below,
including implications for suggested changes in the
seasonality of precipitation that may influence forest C
storage under a changing climate.

Timing of water availability controls C fluxes
in the CZ

We had hypothesized that timing of water availability
controls C fluxes through differentially influencing the
balance of photosynthesis and respiration. Specifically
we hypothesized that GPP would be highest in years
with wet winters because deep rooted, autotrophic C
fixation uses ground water that is recharged during
snowmelt. Conversely, heterotrophic soil microorgan-
isms access water in shallow soil horizons, and are
most active in warm, wet soils. We therefore had
hypothesized that ecosystem respiration (R) is greatest
in years with wet summers. As a result, net ecosystem
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exchange (NEE) was postulated to be smallest in years
with dry winters and wet summers.

We indeed found that summer versus winter
precipitation differentially impacted C dynamics:
winter snow increased net ecosystem C uptake, and
both GPP and NEE correlated strongly (positively and
negatively, respectively) with maximum SWE
(Fig. 4b). Snowmelt represents a large water input
into our systems and is mostly partitioned into ground
water recharge (Zapata-Rios et al. 2015a), whereas
summer convective storms deliver relatively small
pulses of repeated precipitation to our catchments.
These pulses are lost quickly to evaporation and
transpiration following shallow root uptake, yielding
little deep infiltration. Therefore autotrophs may be
water-limited even during the relatively wet monsoon
season if no deeper water source is available, leading
to decreased productivity and overall decline in net C
uptake (Hu et al. 2010).

We also found that summer rains increased ecosys-
tem respiration (Fig. 4a). Wetting of warm organic-
rich soil horizons stimulates heterotrophic C process-
ing, increasing ecosystem respiration, which is con-
firmed by the positive correlation between respiration
and summer precipitation (and a positive correlation
between effective summer precipitation and NEE
indicating decreased C uptake with increased summer
rains). These results are in agreement with a growing
body of work that suggests that increases in soil
moisture and warmer temperatures during summer
favor soil respiration and can offset plant C uptake
(Huxman et al. 2004a; Potts et al. 2006; Stielstra et al.
2015).

While these results are in agreement with our
hypotheses, they diverge from other studies because of
system-level variation in factors limiting C uptake. For
example, Oquist et al. (2014) found that increased
precipitation decreased net C uptake in a boreal forest
because of decreased radiant energy inputs. Addition-
ally, a reduction in winter snow cover in northeastern
hardwood forests increased net C uptake because of
longer growing season (Groffman et al. 2012). These
examples highlight that catchment-scale C budgets are
strongly impacted by complex interactions between
amount and timing of delivery of a productivity-
limiting component such as energy or water. They also
reveal that the nature and identity of limiting compo-
nents vary with the system of study.
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Table 7 Carbon effluxes and internal fluxes represented as % of NEE for all catchments (O organic, GW ground water)

N SE

E

2009 2010 2011 2012 2009

2010 2011 2012 2009 2010 2011 2012

Stream water (dissolved)
0.25 0.12 0.15
Leached from O horizons
4.2 32 4.6 2.6 4.2
Shallow GW
0.3 0.4

0.16 0.05 0.08 0.15 0.07 0.08
32 4.7 2.6 44 35 4.7 22
0.5 0.7 0.9 1.4

Because snowmelt is mostly partitioned into
ground water and summer rain promotes soil respira-
tion and evapotranspiration, we had hypothesized that
aqueous C fluxes (soil and steam water) would be
small. Indeed, stream water C effluxes were very small
relative to vertical ecosystem fluxes and, on average,
accounted for less than 0.3% of annual NEE (Table 7).
Proportionately higher values (up to 11%) have been
reported for non-water limited, forested systems
(Brunet et al. 2009; Jonsson et al. 2007, Oquist et al.
2014; Shibata et al. 2005; Zhou et al. 2013). Most
stream water C in our catchments was exported as an
annual pulse during snowmelt, consistent with the
flushing of DOC from soils (Boyer et al. 1997, 2000;
Huxman et al. 2004b; Perdrial et al. 2014a; Sanderman
et al. 2009), and correlated with effective precipitation
(Fig. 4c).

Soil water C fluxes are also small but larger than
stream water fluxes. Soil solutions show significantly
higher C fluxes through O horizons than through A or
B/C horizons (Fig. 3), indicating significant transfer.
Vertical transfer and interception of this C in deeper
horizons is not observed (Vazquez-Ortega et al. 2015),
and soil CO, effluxes during snowmelt, when soil
water flux is highest, are relatively low [2—4 times
lower than during summer months (Stielstra et al.
2015)]. We therefore conclude that, similar to N
(Biederman et al. 2016; Weintraub et al. 2017), a large
fraction of dissolved soil C is transported laterally to
convergent landscape positions during snowmelt
(Fig. 5), accounting for 2-5% of NEE, and represent-
ing the largest aqueous flux in our systems (Table 7).
Lateral C transfer to convergent zones has been
postulated previously (Bourgault et al. 2017; Lv et al.
2013) and our findings of substantially larger C stores

in riparian soils versus hillslope locations (Table 6,
Fig. 6d) are in agreement with the concept of
landscape position as driver of soil C (Bailey et al.
2014; Conforti et al. 2016; Holleran et al. 2015;
Lybrand and Rasmussen 2015).

Long-term trends in catchment wetness control C
stores

We hypothesized that long-term trends in C uptake
would be reflected in the magnitude of biomass and
soil C stores, and that the wettest catchments would
exhibit largest stores (hypothesis 3). Our study catch-
ments are located in close proximity to each other and
share many characteristics, but differ in water inputs
and hydrologic partitioning (Table 3), enabling a
direct test of this hypothesis. Of the three catchments,
E, is the wettest with highest maximum SWE, and total
and effective precipitation. In this specific case
wetness is impacted by topographic shading from the
adjacent Redondito dome (Fig. la), which limits
evaporation and sublimation, providing conditions
that are more typically associated with N aspects. In
contrast, the adjacent SE received the least amount of
precipitation for most years and is driest (Table 3).
Because we found that winter precipitation drives
ecosystem C uptake and summer rains enhance C
losses, it is reasonable to predict that catchments with
higher winter to summer precipitation ratio (E,
followed by N) should exhibit the greatest stores.
For biomass, however, both E and SE exhibit similarly
high above ground biomass while lowest biomass C
was found for N (Fig. 6). One possible explanation for
the lower biomass in N could be energy (rather than
water) limitation since N receives significantly less
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solar radiation (even taking topographic shading of E
into account, Fig. 2a)—a contention that is supported
by findings by Anderson-Teixeira et al. (2011) and
Zapata-Rios et al. (2015b). Another complicating
factor is spatially patchy logging 50-100 years ago,
where N was logged more intensively.

Although soil stores are also impacted by logging
(Bradford et al. 2012; Chen and Shrestha 2012), they
are better suited to test our hypothesis on the link
between wetness, net C uptake and C storage, because
the logging effect on SOC is expected to be smaller.
Indeed, the magnitude of soil stores (ca. 120 Mg C
ha™') is in the range of estimates for similar systems
(50-200 Mg C hafl) (Dahlgren et al. 1997; Heckman
and Rasmussen 2011; Rasmussen et al. 2007)). As
hypothesized, greatest soil C stores were found in E
and lowest in SE (Table 6, Fig. 6a, b). Higher wetness
promotes enhanced productivity, leading to increased
leaf litter production, root exudation, and biomass
turnover, thereby increasing soil C.

From sink to source: insights from a combined
water and net ecosystem C balance

The quantification of gaseous and dissolved C fluxes
revealed that all fluxes (lateral and vertical) are driven
by the timing, form and amount of precipitation. Since
net ecosystem C uptake and storage results from the
balance of competing transport and fate pathways,
impacts of climate variation are paramount. In the
present case net C uptake responded positively to
snow-derived water but not to growing season precip-
itation. As a result of high net C uptake, the studied
catchments were a substantive sink for C during
throughout study period (Table 4). Our (negative)
NEE values suggest accumulation of substantial stores
in biomass and soils that potentially reflect trends in
catchment water (and possibly energy) delivery.
However, we note that (i) magnitude of NEE values
reported here may be overestimated because flux
towers in ridge top locations can underestimate
respiration, especially CO, losses via lateral advection
and cold-air drainage of nighttime respiration (Pypker
et al. 2007) and (ii) these ca. 70 year old forests are
likely at the peak of their productivity and GPP will
decrease with stand age (Amiro et al. 2010). There-
fore, we cannot conclude unequivocally that this
forested CZ represents a C sink with long-term
persistence. To the contrary, the data presented here
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suggest that a transition from winter snow to summer
rain dominance could decrease deep water infiltration,
thereby decreasing GPP and promoting ecosystem
respiration, hence lowering overall net C uptake.
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