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Abstract

Southwestern North America faces an imminent transition to a warmer, more arid climate, and it is critical to
understand how these changes will affect the carbon balance of southwest ecosystems. In order to test our hypothesis
that differential responses of production and respiration to temperature and moisture shape the carbon balance across
a range of spatio-temporal scales, we quantified net ecosystem exchange (NEE) of CO, and carbon storage across the
New Mexico Elevational Gradient, which consists of six eddy-covariance sites representing biomes ranging from
desert to subalpine conifer forest. Within sites, hotter and drier conditions were associated with an increasing
advantage of respiration relative to production such that daily carbon uptake peaked at intermediate temperatures —
with carbon release often occurring on the hottest days — and increased with soil moisture. Across sites, biotic
adaptations modified but did not override the dominant effects of climate. Carbon uptake increased with decreasing
temperature and increasing precipitation across the elevational gradient; NEE ranged from a source of
~30gCm 2yr ' in the desert grassland to a sink of ~350gCm 2yr ' in the subalpine conifer forest. Total above-
ground carbon storage increased dramatically with elevation, ranging from 186ng*2 in the desert grassland to
26600 g Cm 2 in the subalpine conifer forest. These results make sense in the context of global patterns in NEE and
biomass storage, and support that increasing temperature and decreasing moisture shift the carbon balance of
ecosystems in favor of respiration, such that the potential for ecosystems to sequester and store carbon is reduced
under hot and/or dry conditions. This implies that projected climate change will trigger a substantial net release of
carbon in these New Mexico ecosystems (~3 Gt CO, statewide by the end of the century), thereby acting as a positive
feedback to climate change.
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remains a challenge because NEE varies far less pre-

Introduction dictably with climate than either GPP or Re.,, whose

Climate change will fundamentally alter the structure
and dynamics of many ecosystems (IPCC, 2007).
Responses of carbon flux and storage are particularly
consequential, as any net change in an ecosystem’s
carbon balance acts as a feedback to climate change
(e.g., Field et al., 2007). The most pervasive mechanism
by which climate change stands to alter carbon storage
in terrestrial ecosystems is by shifting the balance
between CO, uptake through gross primary production
(GPP) and release through ecosystem respiration (Reco),
thereby altering the net ecosystem exchange (NEE) of
CO, (e.g., Ciais et al., 2005; Piao et al., 2008; Piao ef al.,
2009). Predicting the response of NEE to climate change
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strong responses to both temperature and water avail-
ability largely cancel (e.g., Law et al., 2002; Luyssaert
et al., 2007; Reichstein et al., 2007; Yuan et al., 2009).
There are, however, differences in how GPP and Re.,
respond to climate, and these differences are key to
understanding how climate affects NEE. In this study,
we draw upon existing concepts of how differential
responses of GPP and R, to temperature and moisture
drive NEE to understand how temperature and moist-
ure shape the carbon balance of semiarid ecosystems at
spatio-temporal scales ranging from day-to-day varia-
tion within ecosystems to annual carbon flux and
storage across a broad climatic gradient. This provides
a basis for understanding how the carbon balance of
semiarid ecosystems in Southwestern North America
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will respond to the predicted imminent transition to a
warmer, more arid climate with more severe droughts
(Leung et al., 2004; Christensen ef al., 2007; Seager et al.,
2007; Weiss et al., 2009).

NEE is driven by differential responses of GPP and
whole-Re, to climatic conditions. Over short temporal
scales, these responses and their physiological drivers
are clearly defined; however, they become more com-
plex across longer time scales, as Rec, is highly depen-
dent upon GPP (Hogberg et al., 2001; Ryan & Law, 2005;
Stoy et al., 2008). Specifically, autotrophic respiration is
regulated such that it typically consumes <60% of
production on daily time scales (Gifford, 1994) and
<75% on annual time scales (DeLucia et al., 2007; Litton
et al., 2007). Heterotrophic respiration (primarily from
mycorrhizal fungi and soil microbes) is likewise con-
strained by carbon inputs through roots or litterfall
(e.g., Hogberg et al., 2001), such that — over sufficient
time scales in steady state ecosystems — R..,/GPP is
necessarily constrained at or below 1. A shift in climatic
conditions, however, can disrupt this balance, resulting
in altered patterns of carbon uptake or release (e.g.,
Randerson et al., 1999; Ciais et al., 2005, Monson et al.,
2006; Arnone et al., 2008; Piao et al., 2008; Piao et al.,
2009; Schwalm et al., 2009; Hu et al., 2010). Over larger
spatio-temporal scales (i.e., across sites or over temporal
scales where the community has had time to adjust to
climatic conditions), the effects of climate on the
carbon balance are moderated by adaptations of species
within the communities and other abiotic site character-
istics (e.g., soils), with physiological traits modifying
but not overriding the biophysical constraints imposed
by climate.

Production and respiration respond differently to
temperature (in the absence of water limitation). On a
physiological level, respiration in both plants and het-
erotrophs responds more strongly to temperature than
does photosynthesis (Kirschbaum, 1995; Allen et al.,
2005). As a result, the ratio R..,/GPP increases with
temperature such that both plants and whole ecosys-
tems tend to release carbon in response to sudden
increases in temperature (e.g., Rustad et al., 2001; Atkin
et al., 2007). However, providing that the higher tem-
peratures are not far outside the range typically experi-
enced by plants, autotrophic respiration rapidly
acclimates to temperature to maintain homeostasis with
photosynthate supply (Atkin & Tjoelker, 2003; King
et al., 2006). Heterotrophic respiration is limited by
carbon inputs; although the temperature sensitivity of
respiration remains relatively constant across seasons,
reference respiration (i.e., respiration at a certain tem-
perature) varies seasonally with carbon inputs (e.g.,
Groenendijk et al., 2009). Changing temperatures per-
turb this balance. For example, fall warming in northern
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ecosystems differentially favors respiration over pro-
duction, resulting in carbon losses, while spring warm-
ing has the opposite effect (Randerson et al., 1999; Piao
et al., 2008; Piao et al., 2009). Over longer spatio-tempor-
al scales, the relationship of NEE to temperature on
regional to global scales is often fairly ambiguous (e.g.,
Luyssaert et al., 2007; Reichstein et al., 2007), being
confounded by factors such as stand age, N deposition,
CO, fertilization, and other nonequilibrium dynamics
(Gifford, 1994; Magnani et al., 2007; Piao et al., 2009).

In terms of water availability, production benefits
more from higher levels of soil moisture than does Reco.
Specifically, autotrophic respiration responds less
strongly to moisture than does GPP (Atkin & Macherel,
2009), as evidenced by the fact that plants are able to
gain carbon under favorable moisture conditions, but
burn carbon stores (and eventually die) under pro-
tracted water stress (e.g., Adams et al., 2009; Breshears
et al., 2009). Likewise, compared with GPP, hetero-
trophic respiration responds to lower levels of soil
moisture — but increases less strongly with increasing
moisture, as microbes can operate at lower water po-
tentials than most plants and can escape harsh condi-
tions in suitable microsites (Orchard & Cook, 1983;
Foster, 1988). Although heterotrophic respiration re-
sponds more rapidly and to lower levels of soil moist-
ure (i.e., the pulse response; e.g., Huxman et al., 2004b;
Jenerette et al., 2008; Inglima et al., 2009), it generally
loses its advantage as moisture increases (Austin, 2002),
and sustained increases in water availability generally
favor production. Thus, in water-limited environments,
carbon uptake typically increases with increasing water
availability (e.g., Huxman et al., 2004a,b; Muldavin
et al., 2008). In contrast, because production responds
with more sensitivity to drought than does respiration
(Schwalm et al., 2009), water-limited ecosystems often
lose carbon during a drought (e.g., Ciais et al., 2005;
Arnone et al., 2008; Schwalm et al., 2009), and these
effects may persist beyond the drought because of
damage to canopy function (Reichstein et al., 2002;
Arnone ef al., 2008). Over longer spatio-temporal scales
where communities are adapted to climatic conditions,
both individual plants and whole ecosystems struggle
to maintain a favorable carbon balance under dry con-
ditions, but are able to sequester substantial amounts of
carbon when moisture is abundant.

In semiarid ecosystems, where water stress and tem-
perature tend to be positively correlated, the differential
effects of temperature and moisture availability on
production and respiration will tend to work in the
same direction. That is, hot and dry conditions inhibit
the accumulation of significant carbon stocks, whereas
cooler and wetter conditions strongly favor GPP over
Reco, resulting in carbon buildup. These differential
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Fig. 1 Representation of New Mexican ecosystems in the New Mexico Elevational Gradient (NMEG). (a) Location of NMEG sites and
auxiliary sites in relation to the statewide distribution of biomes, as classified by Dick-Peddie (1999). Auxiliary sites are used to evaluate
the represenativeness of NMEG sites in terms of (b) mean annual temperature (MAT), (c) mean annual precipitation (MAP), (d) leaf area
index (LAI) from MODIS, and (e) aboveground biomass. Boxplots indicate the median (center line), first and third quartiles (box edges),
data range (whiskers), and outliers (black dots) of the auxiliary site data. NMEG sites are indicated by solid squares.

responses will define the responses of ecosystems to
climate change, which is expected to bring hotter, more
arid conditions to southwestern North America (Leung
et al., 2004; Christensen et al., 2007; Seager et al., 2007;
Weiss et al., 2009). Indeed, climate change is already
evident. Records indicate increasing temperatures in
the southwest (Portmann et al., 2009). While a long-term
trend in precipitation is less clear (Portmann et al., 2009),
the region has recently experienced severe drought, the
frequency and intensity of which is likely to increase
(e.g., Hughes & Diaz, 2008). In the face of these changes,
it is critical to understand how carbon flux and storage
respond to climate in southwest ecosystems.

Here, we examine how differential responses of pro-
duction and respiration to temperature and water avail-
ability shape the carbon balance of semiarid ecosystems
at a range of spatio-temporal scales across the New
Mexico Elevational Gradient (NMEG; Fig. 1, Table 1),
which consists of six sites representing major biomes
and instrumented with eddy-covariance systems. Typi-
cal of semiarid regions, conditions range from hot and
arid at low elevations to cool and mesic at high eleva-
tions. This gradient is ideal for understanding the
response of carbon flux and storage to climate, as
both temperature and precipitation vary markedly
across elevations and through time. Environmental
gradients such as this provide a powerful means of
understanding the fundamental mechanisms through

which climate shapes ecosystems (e.g., Whittaker &
Niering, 1975; Austin, 2002; Anderson-Teixeira et al.,
2008). They are also useful for predicting potential effects
of climate change. Long-term responses of ecosystems to
climate change can be difficult to predict based on field
experiments, as transitional dynamics may differ from
those of the eventual steady state. Comparisons of ‘stea-
dy-state’ ecosystems across environmental gradients re-
veal how climate shapes ecosystems over long time
scales, and are therefore invaluable in complementing
experimental studies to predict the effects of climate
change (e.g., Shaver et al., 2000; Rustad et al., 2001).

We use data on carbon flux and storage across the
NMEG to test three hypotheses regarding the funda-
mental mechanisms through which climate shapes
semiarid ecosystems. First, we predict that at each site,
GPP and R, will respond differentially to temperature
and soil moisture, such that daily carbon uptake is
highest at intermediate temperatures and under moist
conditions. Second, both within and across sites, daily
Reco/ GPP will increase with temperature and decrease
with increasing soil moisture, indicating that adapta-
tions modify but do not override the dominant effects of
climatic constraints. Third, across sites, carbon uptake
will increase with elevation in response to decreasing
temperature and increasing moisture, both of which
favor production over respiration. As a result, the
long-term carbon balance, as reflected in living and
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nonliving carbon pools, will increase with elevation. All
three of these hypotheses imply a potential loss of
carbon uptake and storage under hotter and drier
conditions. In order to investigate the potential effects
of climate change, we conclude with an analysis of how
the NM carbon balance would change based on the
climate responses observed here.

Materials and methods

Site descriptions

The NMEG consists of six sites in central New Mexico, each
representing a biome that is common throughout the state:
desert grassland (DG), desert shrubland (DS), juniper savan-
nah (JS), pifion-juniper woodland (PJ]), ponderosa pine forest
(PP), and subalpine conifer forest (SC) (Fig. 1, Table 1). All sites
were located on well-drained soils with low (<25%) clay
content (data from National Resources Conservation Service,
2009). None of the sites experienced any major disturbances
for > 30 years before or during the 2-year measurement period
(2007-2008). Known disturbance histories include grazing at
DG and DS sites until 1973, light seasonal cattle grazing at the
JS site, and in the PP and SC region, logging before 1972, and
grazing of cattle (1800s to 1999) and a historically large elk
herd (1960s to present). All of these disturbances are fairly
typical for these biomes in New Mexico, and are unlikely to
systematically bias patterns observed across the gradient.
The NMEG is distributed along a strong gradient in both
temperature and precipitation. According to data obtained
from DAYMET for years 19802003 (Oak Ridge National Labora-
tory, Distributed Active Archive Center; http://www.daymet.
org/default.jsp), mean annual precipitation (MAP) ranges
across the gradient from 244mmyr ' at the desert sites to
667 mmyr~' at the subalpine conifer site, and mean annual
temperature (MAT) ranges from 13 °C at the desert sites to 3 °C
at the subalpine conifer site. Precipitation is dominated by a
bimodal seasonal cycle consisting of deep penetrating snow/
rainfall during the winter and subtropical ‘monsoon’ systems
that deliver sporadic heavy rainfall during the summer. The
proportion of annual precipitation contributed by the mon-
soon decreases with elevation; in 2007-2008, monsoon preci-
pitation contributed 66%, 70%, 53%, 45%, 46%, and 36% of
total precipitation in DG, DS, JS, PJ, PP, and SC sites, respec-
tively. Measured precipitation and temperature for 2007-2008
did not differ substantially from long-term averages (Table 1).
To ensure that the sites are typical examples of biomes that
they represent, we compared tower site long-term climate
data, remotely sensed leaf area index (LAI) estimates, and
biomass estimates to these variables from ten auxiliary sites of
each biome type (Fig. 1). Auxiliary sites of each biome type
were identified based on the USDA forest inventory analysis
for forests (USDA Forest Service) and vegetation range maps
(Dick-Peddie, 1999) for desert grassland and shrubland.
Homogeneity of vegetation and terrain over a 1km area was
verified using aerial photographs from Google Earth® and the
MOD15A2 product [Oak Ridge National Laboratory Distrib-

uted Active Archive Center (ORNL DAAC), 2009]. Climate
data was obtained from DAYMET (see above). LAI for a 1km
area centered on each site was obtained from the Oak Ridge
National Laboratory Distributed Active Archive Center
(ORNL DAACQ). Specifically, we averaged the maximum an-
nual value obtained from the MOD15A2 product for the years
20002007 (ORNL DAAC, 2009). For forests, aboveground
biomass estimates were obtained from the USDA forest in-
ventory analysis (USDA Forest Service, 2007). For the tower
sites, if estimates were not available, we selected nearby
inventory plots of similar elevation and climate within a 1-
3km radius (matches were generally close). Biomass data for
desert grassland and shrubland sites was obtained from
transect sampling at the Jornada (auxiliary sites; n = 3; Jornada
LTER, 2007) and Sevilleta (representing tower sites) LTERs
(Sevilleta LTER, 2007). This analysis revealed that the NMEG
sites are representative of their biome types; specifically, with
respect to all four variables considered (i.e., MAT, MAP,
biomass, and LAI), the tower sites were within the same range
as other sites of their type (Fig. 1).

Micrometeorological measurements

Direct, continuous measurements of surface carbon dioxide,
water, and energy were made in all six tower sites using tower-
mounted eddy covariance systems. Four of the towers (in
desert grassland, shrubland, ponderosa pine, and mixed con-
ifer sites) were operational in Jan 2007. The juniper savanna
and pifion-juniper systems were installed in May 2007 and
November 2007, respectively. The eddy covariance instrumen-
tation and processing of all fluxes was identical in all six sites.
Covariances were obtained from 10 Hz measurements of ver-
tical wind speed and gas concentration using three-axis sonic
anemometers (CSAT-3, Campbell Scientific, Logan, UT, USA)
and open-path gas analyzers (LI-7500, LiCor, Lincoln, NB,
USA), respectively, controlled by Campbell Scientific CR5000
dataloggers. Additional instrumentation at each site measured
net radiation (CNR1 Kipp & Zonen, Bohemia, NY, USA), air
temperature and relative humidity (HMP45C Vaisala, Helsinki,
Finland), photosynthetically active radiation (Licor SZ190),
precipitation (Campbell Scientific TE525MM-L), soil tempera-
ture (107 probes, Campbell Scientific), and soil water content
(SWC, Campbell Scientific CS 616) in four to six profiles per
site. SWC measurements used here are at 30-40 cm depth.

Half-hourly averages of the covariances were computed and
corrected for density fluctuations due to temperature and
water vapor using the WPL procedure (Webb et al., 1980)
and frequency response using the method of Massman
(2000). We used the planar fit coordinate system applied to
30-min averages of the covariances to correct for anemometer
tilt with respect to the terrain.

Eddy covariance underestimates nocturnal NEE when in-
versions, low turbulence and advection prevent CO, gener-
ated by the ecosystem from being detected by eddy covariance
systems. A friction velocity (u*) filter was used to reject data
obtained when turbulence was low (u* less than a threshold
value). Data gaps created by the u* filter, malfunctioning
instruments, and when rain were filled using data from nearby
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days with similar meteorological conditions following the
methodology of Falge et al. (2001) and Reichstein ef al. (2005).
NEE was partitioned into Rec, and GPP using the methodol-
ogy of Reichstein et al. (2005); exponential relationships of
nighttime R, to temperature for 10-day time windows were
used to predict daytime Reco, and GPP was calculated as Reco-
NEE (Flanagan et al., 2002). Half-hourly values of NEE, Reco,
and GPP were summed to obtain daily and annual totals. Flux
uncertainties associated with random error were calculated
using methodology similar to that of Hollinger & Richardson
(2005). Systematic uncertainty represents a far larger source of
error with the eddy-covariance technique; however, this type
of error remains difficult to quantify.

Biometric measurements

We measured aboveground biomass of all plants, woody
debris, and litter during the summers of 2007 (DG, DS, JS,
PP, and SC) and 2008 (PJ]). The sampling setup was designed to
characterize the portions of the site contributing most strongly
to the eddy-covariance measurements. Specifically, at each site,
we established an 80m transect out from the tower in the
direction of the prevailing winds and two 40m transects at
right angles to this. Four large circular plots were centered at
35 and 70 m from the tower along the long transect and at 35m
from the tower on each 40m transect. Sampling radii were
selected to include, on average, at least 20 individuals of the
dominant woody species (5m in DS, 17.5m in JS, and 10m in
all other sites).

Aboveground herbaceous biomass (gm 2 was destruc-
tively harvested every 10m along each transect (1 = 16). For
sites dominated by woody vegetation (all but grassland),
measurements were taken in both in both under-canopy and
open positions located as close as possible to the transect
points. Within a 0.5x0.5m (DG) or 1 x1m quadrat (other
sites), we determined the density of C, grasses, C; grasses,
forbs, cacti, and conifer seedlings. We then clipped all non-
woody vegetation at ground level and sorted each type into
living and dead material. Samples were dried to constant
weight at 60°C and weighed. Biomass estimates were
weighted according to percent canopy cover.

For each large circular plot (1 =4), total aboveground bio-
mass and foliage biomass of both live and dead woody plants
(gm™?) were estimated based on allometries (Table S1). For
shrubs and succulents, we measured height, the greatest
diameter, and the perpendicular diameter. Masses were esti-
mated using volume-based allometries calculated using data
from the Sevilleta LTER (Muldavin, 2004; Allen et al., 2008),
Arizona (Enquist & Niklas, 2002), or a general biomass—foliage
mass allometry (West et al., 1999). For juniper, we measured
height, two perpendicular diameters, and root collar diameter
—i.e., trunk diameter at ground level or, when multiple stems
were present, an equivalent diameter (Grier et al.,, 1992).
Biomass was estimated using allometries developed in north-
ern Arizona (Grier et al., 1992), which appear to provide
reasonable estimates for trees in New Mexico (E. A. Yepez,
personal communication). For all other trees, we measured
dbh and height. Aboveground biomass was estimated using
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general allometries developed for US tree species (Jenkins
et al., 2003), and foliar biomass was estimated using general
allometries (Jenkins et al., 2003) or, when available, locally
collected allometric data (McDowell et al., 2008b). For saplings,
we measured height. In most cases, allometries for saplings
were not available, so we estimated biomass by extrapolating
the allometric height-biomass relationship observed for larger
trees. Some biomass estimates could only be obtained through
extrapolation of allometries beyond the size range for which
they were developed; however, the mathematical behavior of
all allometries was carefully examined to ensure that they
were biologically reasonable and matched the behavior of
more general allometries (West et al., 1999; Enquist & Niklas,
2002). For all woody plants, we estimated percent dead or
missing foliage, and subtracted this percent from live foliage
biomass estimates.

Coarse woody debris (CWD), which was defined as any
dead, detached aboveground wood at least 3cm in diameter
and 1m in length, was measured in each large circular plot.
For logs and branches, we recorded length, the diameter at
each end, and the estimated percent missing (decayed). Vo-
lume was calculated using the formula for volume of a
truncated cone and converted to mass using estimates of
wood-specific gravity (Jenkins et al., 2003). For relatively intact,
fallen dead trees, we estimated mass as with standing trees.

Fine woody debris, which we defined as any dead wood
smaller than CWD and >40cm length (smaller pieces were
counted as litter), was sampled in 1m? quadrats every 20m
along each transect (n=28). As with herbaceous biomass,
separate measurements were made in under-canopy and
open-space positions and weighted according to percent ca-
nopy cover. Diameter and length were recorded, and volume
was estimated using the formula for the volume of a cylinder.
As with CWD, volume was converted to mass using the wood-
specific gravities (Jenkins ef al., 2003).

Litter was collected from 40 cm diameter rings every 10m
along each transect (1 =16). Samples were divided between
under-canopy and open-space positions and weighted accord-
ing to percent canopy cover. Samples were dried to constant
weight at 60°C and weighed. All organic matter estimates
(g dry m—2) were converted to units of carbon (g C m~?) assum-
ing a biomass carbon content of 50%.

The soil organic matter fraction in the top 10 cm of mineral
soil (g SOM g~ " soil) was measured using 12-18 replicate cores
(2.5cm diameter), subsamples of which were ashed to deter-
mine organic matter content (R. L. Sinsabaugh, T. Adamson, &
M. E. Litvak, unpublished results). This was converted to total
soil organic carbon (SOC) in the top 10 cm (g Cm™2) based on
measurements of soil bulk density (gsoilcm™) and the as-
sumption that soil organic matter is 58% carbon by weight.

Data analysis

For analyses of responses of daily NEE, Re.,, and GPP to
temperature and SWC, we removed data for a 2-day
period following rain events. We then used linear regression
(type III S.S. ANOVA) to evaluate the separate and combined
effects of temperature and SWC on NEE. SWC values were
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In-transformed to account for their strongly right-skewed
distribution and because CO, fluxes respond nonlinearly to
changes in SWC. For analyses of the separate effects of SWC,
we included only data for the months in which growth was not
inhibited by low temperatures. For each site, this period was
defined based on the temperature threshold above which 80%
of annual GPP occurs. Months in which average temperature
exceed this threshold were as follows: DG: June-September,
DS: April-September, JS: March-October, PJ: March-October,
PP: April-October, SC: May-October. For analyses of the
relationship of daily Re.,/GPP to temperature and SWC,
values were binned by 1°C increments and into 30 logarith-
mically spaced SWC bins, respectively. Bins with n<4 were
excluded. We used ANOVA (type III SS) to evaluate the relation-
ship of In(Reco/ GPP) to temperature or In(SWC), site, and the
interaction term. In addition to this across site analysis, we
evaluated these relationships within each site. Because the
SWC record for the PJ site did not begin until August 2008, we
included 2009 data for this site for within-site analyses of flux
responses to SWC. MAT and total precipitation in 2009 were
very similar to those of 2008 at this site [MAT: 10.1 (2008), 10.6
(2009); precipitation: 336 mm (2008), 329 mm (2009)].

For cross-site analyses of the relationships between ecosys-
tem properties (i.e., annual NEE, annual R..,/GPP, and carbon
storage) and climatic variables (measured MAT and annual
precipitation for fluxes; long-term averages for carbon sto-
rage), we tested linear, exponential, logarithmic, and power
fits to determine the best fits (Table S3). For NEE and R..,/
GPP, where four sites (DG, DS, PP, SC) had 2 years of data, we
included year as a covariate. MAP and MAT displayed a
strong negative correlation (R*>=97% for long-term climatic
averages; R?=92% for measured annual values), such that
variation in ecosystem properties across the gradient was —
from a statistical standpoint — approximately equally well-
explained by either one.

Data for global comparison

We assembled data on annual NEE (gCm 2yr ') for unma-
naged ecosystems (forests and nonforests) with no known
recent disturbance. Micrometeorological estimates of net an-
nual CO, flux from the ecosystem to the atmosphere were
obtained from the AmeriFlux (AmeriFlux Network) and
FLUXnet (Falge et al., 2005) online databases (accessed Febru-
ary 2009), from a recent compilation of global forest data
(Luyssaert et al., 2007), and from peer-reviewed publications
(ISI search keywords: carbon flux, NEE, eddy-covariance;
Risser ef al., 1981; Valentini et al., 1995; Clark et al., 1999; Dugas
et al., 1999; Flanagan et al., 2002; Santos et al., 2003; Suyker et al.,
2003; Novick et al., 2004; Veenendaal et al., 2004; Gilmanov
et al., 2005; Leuning et al., 2005; Gilmanov et al., 2006; Beringer
et al., 2007; Svejcar et al., 2008; Wohlfahrt et al., 2008). Estimates
were based on complete 1-year period with gap filling by the
artificial neural network method (AmeriFlux data), nonlinear
regression with u* correction (FLUXnet data), or the meth-
odologies used by individual publications. Data on forest
biomass was obtained from a recent review (Keith et al.,
2009). We included only sites with estimates for both live

aboveground biomass and CWD, which were summed to
attain aboveground carbon storage (g Cm?).

Results

As predicted, within sites, GPP and Re. responded
differentially to temperature and soil moisture, result-
ing in systematic variation in NEE with these variables
(Figs 2-3). Specifically, at all six sites, both GPP and Reco
increased with temperature, often peaking and declin-
ing at the highest temperatures (Fig. 2). Within all sites,
GPP exhibited a substantial advantage over respiration
at low temperatures; however, R.,, matched or ex-
ceeded GPP at the highest temperatures (Fig. 2). As a
result, daily carbon uptake was always highest at inter-
mediate temperatures, with sink strength peaking near
20°C in the desert sites and 5-10°C at the higher
elevations.

During the months in which growth was not inhib-
ited by low temperatures, SWC (30—40 cm depth) influ-
enced daily carbon flux at all sites (Fig. 3). At the three
lowest sites, both GPP and R, increased strongly with
SWC, whereas these fluxes were less strongly influ-
enced by SWC in the higher elevation sites. In all sites,
differential responses of R.., and GPP resulted in a
significant decline in NEE (sign convention: negative
indicates uptake by the ecosystem) with In(SWC)
(P<0.02).

The observed responses of NEE to temperature and
SWC (Figs 2-3) were similar when these variables were
considered in combination. For periods when growth
was not inhibited by low temperatures, an ANOVA
including both temperature and In(SWC) (no interac-
tion term) revealed that the effects of temperature were
consistently positive (i.e., increased temperatures favor-
ing respiration) in all sites (P<0.0001) but the desert
grassland, where the relationship was not significant
(P =0.31). NEE consistently decreased with increasing
SWC (P <0.0001 in all sites but the pifion-juniper, where
P =0.23). The interactive effects of temperature and
SWC were significant in three sites: the desert grassland
(—interaction; P<0.002), desert shrubland ( + interac-
tion, P<0.009), and subalpine conifer forest
(—interaction; P = 0.05).

Over the entire year, the effects of temperature on
NEE were positive in two sites (JS and PJ; P <0.001), not
significant in three (DG, DS, and PP; P>0.05), and
negative in one (MC; P<0.001). The inconsistency in
responses in year-round data is attributable to the non-
linear nature of the NEE-temperature relationship (Fig.
2). NEE decreased significantly with SWC in all sites
(P<0.006) except for the desert shrubland, where the
response was not significant (P =0.13). There were
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Fig. 2 Daily carbon dioxide fluxes — GPP, Reco, and NEE — over the entire year as a function of mean daily temperature across the
NMEG. For illustrative purposes, data are binned into 1°C intervals. Plotted are the mean & 1SE for each bin. GPP, gross primary
production; Re,, release through ecosystem respiration; NEE, net ecosystem exchange; NMEG, New Mexico Elevational Gradient.

significant negative interactive effects of temperature
and SWC at four sites (DG, PJ, PP, SC; all P < 0.002).
Both within and across sites, daily Rec,/GPP in-
creased with temperature and decreased with increas-
ing soil moisture (Fig. 4). Specifically, Reco/GPP
increased exponentially with temperature both within
sites (significant at P <0.0001 for all sites but DG, where
P =0.15) and across sites (P <0.001; Fig. 4a). An ANOVA
(type III S.S.) analysis revealed that In(Rec./GPP) is
influenced most strongly by temperature (F=167.5,
P<0.0001), but also by site (F=232.1, P<0.0001) and
the site x temperature interaction (F= 8.3, P<0.0001).
Similarly, Reco/ GPP decreased as a power function with
SWC within half the sites (P <0.05) and across all sites
(P =0.002; Fig. 4b). In an ANOVA (type III S.S.) including
site as a covariate, In(R.../GPP) was strongly influ-
enced by site (F=5.9, P<0.001) and the site x In(SWC)
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interaction (F=4.9, P =0.001), whereas the effects of
In(SWC) alone were not significant (F =2.2, P =0.14).

These effects played out on annual time scales such
that NEE decreased with increasing elevation on annual
time scales (Fig. 5a; Table S3). Specifically, NEE ranged
from a small source of 35-50gCm 2yr ' at the desert
grassland to a substantial sink of 344-355 ngf2 yrf1
at the mixed conifer forest. Across the elevational
gradient, sink  strength ~was reduced Dby
33+5gCm 2yr ' per degree increase in measured
MAT (P <0.001), or by 0.5+ 0.1 gCrrf2 yrf1 for every
1 mm yrf1 decrease in annual precipitation (P<0.001).
NEE did not differ significantly between 2007 and 2008
(P>0.3).

Partitioning of NEE into GPP and R, revealed that
both of these fluxes increased with elevation, peaked at
the ponderosa pine forest and decreased to the mixed
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conifer forest (Fig. 5b). However, GPP was increasingly
favored over R.., in the cooler and moister conditions
associated with high elevations; the fraction of annual
production released as respiration (Reco/GPP) de-
creased with increasing elevation (P =0.01), ranging
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Fig. 3 Daily carbon dioxide fluxes — GPP, Rec,, and NEE - as a
function of mean daily soil water content (30-40cm depth)
during periods when growth is not inhibited by low tempera-
tures for all six sites across the NMEG. For illustrative purposes,
data are binned into 30 logarithmically spaced bins. Plotted are
the mean & 1SE for each bin. GPP, gross primary production;
Reco, release through ecosystem respiration; NEE, net ecosystem
exchange; NMEG, New Mexico Elevational Gradient.

from 1.3 to 1.5 in the desert grassland to 0.32 —0.36 in
the subalpine conifer forest.

Living and nonliving carbon pools, which reflect the
long-term carbon balance, increased dramatically with
elevation (Fig. 6; Table S2-53). Live foliage biomass —
including both herbaceous and woody components —
increased linearly with increasing MAP/decreasing
MAT (P <0.01). Live aboveground biomass — including
plants of all size classes — displayed an accelerating
increase with elevation (Fig. 6). This relationship was
best fit by a linear function for MAP (P =0.001) and a
lognormal relationship for MAT (P <0.001). Likewise,
nonliving organic material — including standing dead
plants, woody debris, and litter — increased as a power
function of increasing MAP (P = 0.002) or a logarithmic
function of decreasing MAT (P = 0.004). All together,
the total aboveground organic material increased dra-
matically with increasing MAP/decreasing MAT, ran-
ging from 186 + 17gCm 2 in the desert grassland to
26600 + 1710gCm 2 in the mixed conifer forest. This
relationship was best described as a power function of
MAP (P<0.001) or a logarithmic function of MAT
(P<0.001). Soil organic carbon in the top 10cm of
mineral soil likewise increased as a power function of
increasing MAP (P = 0.001) or a logarithmic function of
decreasing MAT (P = 0.002).

Discussion

Across the NMEG, differential effects of temperature
and water availability on production and respiration
shape the carbon balance over a range of spatio-tem-
poral scales. Within each site, GPP and R, respond
differently to temperature and SWC (alone or in com-
bination), and NEE responds as the difference between
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Fig. 4 Relative advantage of daily respiration over production (Re.,/GPP) as a function of (a) air temperature and (b) soil moisture (30—
40 cm depth; months where low temperatures do not limit growth) for all six sites across the NMEG. Colored lines represent significant
(P<0.05) within-site relationships, and dashed black lines represent the average response across sites (P <0.005 for both). GPP, gross
primary production; R, release through ecosystem respiration; NMEG, New Mexico Elevational Gradient; DG, desert grassland; DS,
desert shrubland; JS, juniper savannah; PJ, pifion-juniper woodland; PP, ponderosa pine forest; SC, subalpine conifer forest.
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Fig. 5 Annual carbon fluxes as a function of mean annual
temperature across the NMEG in 2007 (circles) and 2008
(squares): (a) annual NEE (sign convention-negative indicates
carbon sink; error bars characterize random error only and
represent 15SD) and (b) annual GPP (solid symbols) and Rec,
(hollow symbols). Measured annual precipitation was closely
correlated to temperature across the gradient (R = 92%), and is
also represented on the x-axis. Curves (solid: NEE, GPP; dashed:
Reco) are fit to 2008 data. GPP, gross primary production; Reco,
release through ecosystem respiration; NEE, net ecosystem ex-
change; NMEG, New Mexico Elevational Gradient.

the two (Figs 2-3). While the site-specific responses
differ quantitatively, indicating adaptation to climate,
they do not override the dominant effects of climate. As
a result, the ratio of daily Re.,/GPP increases with
temperature and decreases with increasing soil moist-
ure (Fig. 4). These effects play out across the gradient,
where elevation serves as a proxy for both decreasing
temperature and increasing moisture, such that cool
and moist high-elevation ecosystems sequester more
carbon annually — and support dramatically more bio-
mass and nonliving organic material — than their low-
elevation counterparts (Figs 5-6).

The finding that differential responses of production
and respiration to temperature and moisture are man-
ifested across a range of spatio-temporal scales is not an
inherently obvious result for several reasons. First, the
responses of production and respiration to temperature
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Fig. 6 Aboveground storage of carbon (mean & 2SE) in live
foliage, live biomass, nonliving organic matter (dead plants,
woody debris, and litter), and total organic matter across the
NMEG. Mean annual precipitation and mean annual tempera-
ture are closely correlated across the gradient (R* = 97%), allow-
ing for representation of both on the x-axis. Lines represent the
best-fit equation for carbon storage as a function of mean annual
precipitation (all P <0.01; Table S3). NMEG, New Mexico Eleva-
tional Gradient.

and moisture are confounded by seasonality (e.g., Yuste
et al., 2003; Groenendijk ef al., 2009) and their sensitiv-
ities vary across seasons (e.g., Randerson et al., 1999;
Piao et al., 2008; Piao et al., 2009). Moreover, the season-
ality of precipitation and growth responses varies
across ecosystem types (e.g., West et al., 2007; Muldavin
et al., 2008; Méndez-Barroso et al., 2009). Nevertheless,
both within-site (Figs 2—4) and across site (Figs 4-5) data
indicate that — at least on a primary level — differential
responses of production and respiration to temperature
and moisture persist across spatio-temporal scales. Sec-
ond, within-site responses to environmental conditions
may differ from across-site responses. Ecosystem phy-
siology — the emergent result of individual physiologi-
cal regulation, acclimatization, adaptation, and
community composition — varies strongly across these
biomes. However, this is shaped by climate and does
not override its dominant effects (Fig. 4). Finally, a
number of factors other than temperature and moisture
(e.g., soil type, nutrient status, site history) are known to
strongly influence the carbon balance of ecosystems
(Gifford, 1994; Magnani et al., 2007; Piao et al., 2009).
However, the strong effects of temperature and water
availability on NEE observed here indicate that, across
the NMEG, these variables play a dominant role in
shaping NEE.
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Several insights can be obtained by comparing
NMEG data to global NEE estimates for other unma-
naged ecosystems free of recent disturbance (Fig. 7a—b)
and a global forest biomass dataset (Fig. 7c—d). With
respect to MAT, sites in the NMEG are not unusual in
terms of NEE (Fig. 7a) or biomass storage (Fig. 7c). Our
low-elevation sites take up and store relatively little
carbon compared with other sites with similar MAT,
whereas the high-elevation sites are closer to the appar-
ent limits of NEE or biomass storage at their MAT. This
suggests that carbon uptake and storage in the lower
elevation sites are strongly limited by water stress, and
this is supported by comparison of NMEG sites on a
global scale with respect to MAP. The NMEG sites fall
along what appears to be a lower limit to NEE as a
function of increasing MAP (Fig. 7b), indicating that
these sites are sequestering about as much carbon as is
possible given their MAP. With regards to biomass
storage, the NMEG sites are somewhat below the upper
limit of potential biomass storage at a given MAP —
possibly because the stress of high temperatures makes
it more difficult to accumulate large carbon stocks.

Beyond the NMEG, differential responses of GPP and
Reco to temperature and precipitation may help to
explain observed global patterns in NEE and biomass
storage (e.g., Fig. 7). If the mechanisms described here

can be generalized to global scales (e.g., Allen et al.,
2005), ‘steady-state’ ecosystems in hot climates should
be less likely to act as strong carbon sinks (but see
Anderson et al. (2006) regarding aggrading forests), and
potential sink strength should increase with MAP. Glo-
bal and regional patterns in NEE of undisturbed, un-
managed ecosystems suggest that this may be the case.
In particular, while carbon uptake by ecosystems ap-
pears to increase with temperature from high- to mid-
latitudes (Fig. 7a; Valentini et al., 2000, Magnani et al.,
2007; Gough et al., 2009; Yuan et al., 2009), indicating
temperature limitation at colder temperatures, this in-
crease does not appear to persist from mid- to low-
latitudes (Fig. 7a; e.g., Luyssaert et al., 2007). Likewise,
the lowest observed annual R..,/GPP ratios are found
at intermediate MAT’s (Luyssaert et al., 2007). With
respect to precipitation, other analyses confirm our
finding that NEE decreases with increasing precipita-
tion across MAP’s of <1000mmyr ' (e.g., Luyssaert
et al., 2007). Thus, MAT and MAP may set broad
climatic constraints on NEE, while other factors (e.g.,
disturbance, stand age, N decomposition, CO, fertiliza-
tion, soils) drive the observed substantial variation in
NEE within any given climatic region (Gifford, 1994;
Magnani et al., 2007; Piao et al., 2009). Moreover, regio-
nal to global patterns in forest biomass (Fig. 7c—d; Keith
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Fig. 8 Predicted changes to the New Mexico terrestrial ecosys-
tem carbon balance as a function of increase in mean annual
temperature (MAT): (a) changes in annual ecosystem-atmo-
sphere CO, exchange, as predicted based on the relationship
between NEE and MAT (Fig. 5; Table S3); (b) potential CO,
release due to reduced carbon storage capacity, as predicted
based on the relationship between total aboveground carbon
storage and MAT (Fig. 6d; Table S3). Shown are projected totals
for each biome type (predicted change x biome area; Table 1) and
the total for all six biome types (representing 57% of the area in
NM). Nonzero intercepts reflect discrepancies between mea-
sured and predicted values (Figs 5a and 6d). DG, desert grass-
land; DS, desert shrubland; JS, juniper savannah; PJ, pifion-
juniper woodland; PP, ponderosa pine forest; NEE, NEE, net
ecosystem exchange.

et al., 2009) and soil organic carbon (e.g., Jobbagy &
Jackson, 2000; Allen et al., 2005; Meier & Leuschner,
2009) support the idea that ecosystems in moist, tempe-
rate climates can accumulate and store the largest
amounts of carbon. Data from both the NMEG and
global sites indicate that carbon storage may often
mirror NEE (Figs 5-7), being the product of NEE
integrated over long time scales.

Because the NMEG sites are representative of their
biome types (Fig. 1), the climate-dependencies of carbon
flux and storage observed here may be used to make
first-order estimates of the potential effects of climate
change on the carbon balance of much of New Mexico’s
land area (57%; Fig. 1). Hotter and drier conditions are
likely to result in an increasing advantage of respiration
relative to GPP on spatio-temporal scales ranging from
day-to-day variation within sites (Figs 2—4) to across-
site variation in annual R..,/GPP (Table S3). This will
result in a reduction of annual carbon sequestration
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across the elevational gradient; our results predict that
NEE would be reduced by 33gCm 2yr ' for every 1°C
increase in MAT (Fig. 5a). Multiplying aerial coverage
of each ecosystem type by predicted changes for each
ecosystem type (i.e., difference between 2007 and 2008
mean and predicted NEE at the new temperature, with
any predicted NEE >0 assumed 0) yields the prediction
that a 2°C increase in MAT (predicted for 2025; Chris-
tensen ef al., 2007) would reduce carbon sequestration
by these New Mexico ecosystems by 36 TgCO,yr ',
while a 4 °C increase (predicted for end of the century;
Christensen et al., 2007) would reduce carbon seques-
tration by 56 Tg CO, yr ' (Fig. 8a). Eventually, when the
total carbon storage of ecosystems equilibrates to the
new climatic conditions, there will be a net loss of
foliage, living biomass, detritus, and soil organic carbon
(Fig. 6), with corresponding CO, release. Extrapolation
of the projected loss of total aboveground and soil (top
10 cm only) carbon storage (Fig. 6d—e) to the state level
predicts substantial CO, release as the carbon storage
capacity of these ecosystems is reduced (Fig. 8b). Spe-
cifically, a 2°C increase in MAT would imply a net
release of 2Gt CO,, while a 4 °C increase would imply
a release of 3Gt CO,, which exceeds a year’s worth of
US transportation emissions (US EPA, 2010). These
projections assume that (1) future climates will resem-
ble the current climate at a given MAT (e.g., that the
MAT-MATP relationship will hold constant, that seaso-
nal patterns in MAT and MAP will remain the same,
and that the size distribution of precipitation pulses will
remain the same); (2) the carbon-climate relationships
observed here are generalizable to future climatic con-
ditions; and (3) ecosystems will equilibrate to the new
conditions within the time frame of interest. As these
assumptions are likely to be violated, our projections
(Fig. 8) should be viewed as rough approximations.
There are several mechanisms by which reduced
carbon sequestration and storage may occur — and,
indeed, is already occurring throughout the southwest.
First, foliage and total living biomass may be reduced
by plant mortality through drought and heat stress —
either directly through carbon or water stress or indir-
ectly by making trees more susceptible to parasites and
disease (e.g., Adams et al., 2009; Breshears et al., 2009;
Allen et al., 2010). Recently, there was widespread die-
off of pifion pines throughout the southwest caused by
drought and associated bark beetle infestations (Bre-
shears et al., 2005; Breshears et al., 2009). Trees in other
southwest biomes (Gitlin et al., 2006) and western North
America in general (van Mantgem et al., 2009) are also
experiencing stress and increased mortality. These ob-
servations, together with numerous similar cases
worldwide, raise concern that drought and heat stress
associated with climate change may trigger widespread
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forest mortality (Allen et al., 2010). In addition, nonliv-
ing carbon pools will also be subject to loss under
altered climate conditions. Although these may be
temporarily augmented by tree mortality, a long-term
reduction in production inputs under drought stress
(Reichstein et al., 2002; Muldavin et al., 2008; Schwalm
et al., 2009) — together with a shift in the balance
between respiration and production (Figs. 2—4; Reich-
stein et al., 2002; Arnone et al., 2008; Schwalm et al., 2009)
— will tend to reduce the storage of nonliving organic
matter.

Moreover, drought conditions will make these eco-
systems — particularly the high elevation sites with high
fuel loads — particularly vulnerable to fire. In the Jemez
Mountains, where the two highest elevation sites are
located, historic fires have tended to occur in drought
years (Touchan et al., 1996, Swetnam & Betancourt,
1998), and there is evidence that warmer and drier
conditions associated with climate change are already
increasing forest fire activity in western United States
forests (Westerling et al., 2006). Fires would trigger
substantial carbon release — either immediately (during
the burn) or eventually (as vegetation killed by the burn
decomposes). Subsequently, the communities that es-
tablish after disturbance would, presumably, differ
from the former communities (Turner & Romme,
1994), having reduced biomass consistent with the
new climatic conditions.

Thus, the capacity of New Mexico ecosystems to store
and sequester carbon is likely to be reduced under the
projected hotter and drier conditions. As the NMEG is
at least qualitatively similar to other elevational gradi-
ents in semiarid regions (Whittaker & Niering, 1975;
Conant et al., 1998), such changes are likely to occur in
semiarid ecosystems worldwide. While it is unlikely
that these changes will occur in any regular or predict-
able manner, and while further research will be neces-
sary to understand more specifically how climate
sensitivity varies across sites and seasons, the observed
climatic dependence of carbon flux and storage strongly
implies that — on average — climate change will trigger
substantial carbon release from southwest ecosystems
and reduce their sink strength. Reduced carbon seques-
tration, reduced organic matter storage, and increased
probability of disturbance will all reduce the value of
these ecosystems’ greenhouse gas regulation services
(Anderson-Teixeira & DeLucia, 2010) and act as a
positive feedback to climate change.
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at breast height (cm), rcd is root crown diameter as defined in
Grier et al. (1992), and v is volume (m>; calculated as product
of height and two perpendicular diameters). Coefficients of
some allometries are modified from the original in order to
express all equations in common units.
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