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Abstract Semi-arid ecosystems with annual mois-

ture inputs dominated by snowmelt cover much of the

western United States, and a better understanding of

their seasonal drivers of soil respiration is needed to

predict consequences of climatic change on soil CO2

efflux. We assessed the relative importance of tem-

perature, moisture, and plant phenology on soil

respiration during seasonal shifts between cold, wet

winters and hot, dry summers in a Rocky Mountain

meadow over 3.5 separate growing seasons. We found

a consistent, unique pattern of seasonal hysteresis in

the annual relationship between soil respiration and

temperature, likely representative for this ecosystem

type, and driven by (1) continued increase in soil T

after summer senescence of vegetation, and (2)

reduced soil respiration during cold, wet periods at

the beginning versus end of the growing season. The

timing of meadow senescence varied between years

with amount of cold season precipitation, but on

average occurred 45 days before soil temperature

peaked in late-summer. Autumn soil respiration was

greatest when substantial autumn precipitation events

occurred early. Surface CO2 efflux was temporarily

decoupled from respiratory production during winter

2006/2007, due to effects of winter surface snow and

ice on mediating the diffusion of CO2 from deep soil

horizons to the atmosphere. Upon melt of a capping

surface ice layer, release of soil-stored CO2 was

determined to be 65 g C, or *10 % of the total

growing season soil respiration for that year. The shift

between soil respiration sources arising from mois-

ture-limited spring plant growth and autumn decom-

position indicates that annual mineralization of soil

carbon will be less dependent on projected changes in

temperature than on future variations in amount and

timing of precipitation for this site and similar semi-

arid ecosystems.

Keywords Carbon dioxide production � Soil gas

profile � Respiration � Diffusion model � Phenology �
Winter storage efflux

Introduction

Much of the semi-arid region in the western United

States receives moisture primarily in the form of

winter snow (Knowles et al. 2006). The most optimal

growing conditions for plants and soil microorganisms

in these ecosystems occur after snowmelt in spring,

followed by a transition to summer drought limitation,

and finally winter cold dormancy. During each of these

phases, variations in climatic conditions, such as those
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predicted for the region by climate simulations, are

likely to affect photosynthetic and respiratory carbon

fluxes in contrasting ways (Boisvenue and Running

2010; Richardson et al. 2010; Anderson-Teixeira et al.

2011). Changes to long-term soil carbon storage may

represent a strong feedback between climate and

ecosystem carbon balance, depending on cumulative

impacts to litter production and decomposition

(Schmidt et al. 2011). With climate predictions of

western North America forecasting 2–6 �C warming

by 2100 (IPCC 2007) and increased drought severity

(Seager et al. 2007), an understanding of season-

dependent interactions between abiotic conditions and

plant and soil microbial activity is required to predict

how soil respiration may affect soil carbon storage

(Wardle 2004; Bardgett et al. 2005; Ryan and Law

2005; Moyes et al. 2010).

In snow-dominated ecosystems, the duration of

snow cover and amount of water released on melting

have a relatively strong impact on annual carbon inputs

(Hu et al. 2010; Richardson et al. 2010). Snowpacks in

the western U.S. are now melting earlier than in

decades past (Cayan et al. 2001) and impacted by an

increased proportion of winter precipitation falling as

rain (Gillies et al. 2012). These trends are largely

attributed to human activity (Barnett et al. 2008) and

expected to continue into the future (Boisvenue and

Running 2010). Early snowmelt has been shown to

lead to earlier onset of soil moisture stress and reduced

productivity and soil CO2 efflux (Sacks et al. 2007; Hu

et al. 2010; Blankinship 2012), and may turn many

western US ecosystems into net carbon sources

(Anderson-Teixeira et al. 2011). Whether this happens

will largely depend on the degree to which soil

respiration is affected by changes in temperature, soil

moisture, and available substrate over the year.

In seasonally drought stressed ecosystems ranging

from cold deserts to subalpine forests, moisture

limitation can inhibit soil respiration to varying

degrees in summer, depending on amount of spring

recharge of soil moisture and magnitude and timing of

fall precipitation (Pacific 2009; Bowling et al. 2011).

Although a few degrees of warming may exacerbate

summer moisture stress, this may be more than

compensated by increased soil respiration if moisture

limitation is alleviated by autumn precipitation (Piao

et al. 2008). Soil rewetting associated with drought-

ending precipitation can immediately raise substrate

availability to heterotrophic microorganisms and fuel

a burst of microbial respiration (reviewed by Borken

and Matzner 2009). However, rain pulses may stim-

ulate widely varying amounts of soil respiration,

depending on pulse size and timing, soil type, and the

status of plants and soil microbes at the time of

precipitation (Austin et al. 2004; Bowling et al. 2011).

Given this uncertainty, it is imperative that we

determine how changes in precipitation regime might

affect total soil respiration from water-limited

ecosystems.

Long-term (multi-year) data sets covering periods

of interannual variability in seasonal weather are

needed to understand the relative sensitivity of soil

respiration to changing biotic and abiotic drivers

(Fierer et al. 2005; Chou et al. 2008; Irvine et al. 2008).

Unfortunately, relatively few long-term studies are

available from snow-dominated, semi-arid ecosys-

tems that typify much of western North America. In

this study we sought to utilize interannual variability

in precipitation to characterize the importance of

drivers of soil respiration during seasonally contrast-

ing periods of spring melt, summer drought, and

autumn precipitation. We modeled soil CO2 produc-

tion from continuous automated soil CO2 profile data

collected in a Rocky Mountain meadow over

3.5 years, and compared production rates to temper-

ature, moisture, and vegetation patterns. Our site was

chosen to reflect general characteristics of snow-

dominated, semi-arid ecosystems, and particularly

those with herbaceous vegetation that senesces during

summer moisture limitation. Our expectation was that

predominant drivers of soil respiration would shift

seasonally from vegetation to soil moisture to tem-

perature, with the timing of these transitions depen-

dent on the timing and amount of snowmelt and

growing season precipitation.

Methods

Site description

Field measurements were made in a 4.3 ha meadow in

Red Butte Canyon (111�4704600W, 40�4702000N,

1758 m elevation) above Salt Lake City, UT, USA.

The meadow sits on a flat, open area of deep soil

accumulated by downslope erosion of the steep, rocky

canyon hillsides, which are vegetated primarily with

gambel oak (Quercus gambelii). A perennial stream
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flows along one side of the meadow, which is

surrounded by riparian trees, of which boxelder (Acer

negundo) and bigtooth maple (Acer grandidentatum)

are most abundant. During the study, vegetation in the

open meadow primarily comprised native and intro-

duced herbaceous perennial and annual grasses and

forbs, including mountain brome (Bromus carinatus),

orchard grass (Dactylus glomerata), blue wildrye

(Elymus glaucus), milfoil yarrow (Achillea millefoli-

um), yellow sweetclover (Melilotus officinalis), dal-

mation toadflax (Linaria dalmatica), and hound’s

tongue (Cynoglossum officinale). Vegetation in the

meadow began to grow soon after snowmelt, typically

at around April 1, reached peak biomass around mid-

June, and then senesced. The study site is beyond the

reach of summer rain from the North American

monsoon, and experiences cold, snowy winters and

hot, dry summers (Ehleringer et al. 1992). Mean

annual precipitation for the site is 500 mm, mostly

falling in winter, and soils are loamy, deep, and well-

drained (Ehleringer et al. 1992). Additional site details

were given by Hultine et al. (2007).

Automated CO2, moisture, and temperature profile

measurements

Buried gas inlets and sensors were installed in the

center of the meadow in June 2004. A pit with a

surface area of *0.5 m2 was excavated to 50 cm

depth. The surface soil horizons were placed to the

side of the pit in large, intact pieces and were replaced

after the pit was backfilled. Soil moisture sensors

(CS615, Campbell Scientific, Logan UT, USA),

thermocouples (Type T), and gas inlets were installed

horizontally at 3, 10, 22, and 48 cm depths into intact

soil through the wall of the pit, in non-overlapping

positions. Each gas inlet consisted of a 25.5 cm length

of 5 mm ID PTFE tubing (International Polymer

Engineering, Tempe AZ, USA) within a protective

length of 1.3 cm OD perforated polyethylene tubing.

The PTFE tubing allowed diffusion of gases but

prevented liquid water from being sampled (DeSutter

et al. 2006), and was attached to sample tubing using

6.35 mm barb fittings with a cap at the distal end. The

proximal end was attached to a 2-m length of 1.6 mm

diameter stainless steel tubing. Fittings were held in

place at the ends of the protective tubing with epoxy.

Gas inlets were inserted through the pit wall by drilling

pilot holes and tapping capped inlets into place, before

removing the caps and attaching the sample tubing.

Tubing and sensor wires were bundled and covered

above ground until the measurement system was

installed the following summer.

A soil gas measurement system was built following

the design of Hirsch et al. (2002), but expanded to

sample seven gas inlet lines on a regular schedule. Each

gas inlet measurement cycle lasted 14 min, with 2 min

for each of the seven inlet lines in the following order:

calibration gas 1, calibration gas 2, ?5 cm (just above

the soil), -3, -10, -22, and -48 cm. A rotary valve

(EMTCSD10MWM, Valco Instruments CO. Inc.,

Houston TX, USA) was used to cycle between inlet

lines. Flow was driven by a pump (KNF Neuberger Inc.,

Trenton NJ, USA) or cylinder pressure (calibrations)

and maintained at 50 standard ml min-1 by a mass flow

controller (1179A, MKS Instruments, Andover MA,

USA), downstream of an infrared gas analyzer (IRGA,

LI-820, Li-Cor Biosciences, Lincoln NE, USA). Flow

for each depth source was stopped after 75 s to allow

gas in the IRGA measurement cell to return to ambient

pressure, and data from the final 10 s were averaged.

During measurements nitrogen gas flowed from a

pressurized cylinder at 100 standard ml min-1 through

a counterflow exchange tube (MD-050-12, Perma Pure

LLC, Toms River NJ, USA) to dry sample gas prior to

introduction to the IRGA. Solenoid valves were used to

switch between calibration gases (WMO-traceable CO2

in air standards). All sample flows were filtered to 2 lm

(Alltech, Deerfield IL, USA).

The enclosure was connected to the buried inlet

tubes and sensor wires on July 20, 2005, after which gas

inlets and buried temperature and moisture sensors

were measured every 1–4 h, depending on seasonally

available sunlight used for power. Measurements

continued, with some interruptions due to power loss

and blockage of flow in winter (probably related to

freezing water in inlet tubes), until late November of

2008. An ultrasonic snow depth sensor (Judd Commu-

nications, Salt Lake City UT, USA) was installed in the

meadow near the soil profile measurements during

each winter.

Laboratory measurements of soil tortuosity

To parameterize a diffusion model from soil profile

data, soil tortuosity factors were calculated from intact

soil cores in the laboratory using controlled diffusion

experiments following Jassal et al. (2005). To check
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for variability in tortuosity with depth and horizontal

position, soil cores were collected from two locations

at 10 cm depth intervals to 50 cm in the meadow using

10-cm diameter PVC tubing. After collection, soil was

held in place in the core with a metal screen. Soil cores

were taken to the laboratory and wetted to field capacity.

A series of measurements of induced CO2 fluxes was

made over the maximum range of water content for each

core (field capacity to oven dried) to calculate a fitted

tortuosity versus air-filled porosity function. Calcula-

tions accounted for CO2 production within the core. Soil

moisture within the cores was allowed to equilibrate

between incremental changes in wetness by sealing each

core inside an air-tight bag for at least 1 week. Total

porosity of soil cores was calculated from dry bulk

density, assuming a solid particle density of

2.65 g cm-3. Air-filled porosity was obtained by sub-

tracting the volume of water from the total pore space.

Model calculation of fluxes and production

Molar density of CO2 (lmol m-3) in the meadow soil

profile was calculated from CO2 mol fraction, air

pressure, and temperature profile data. A second-order

polynomial function was fit to each set of CO2 molar

density data versus depth for each profile measure-

ment cycle. The first derivative of this function was

calculated for the surface (z = 0) and each measure-

ment depth, and these values were used as CO2

gradients (dC/dz) in flux calculations following Fick’s

first law of diffusion:

F ¼ �D
dC

dz
ð1Þ

where F is the flux density of CO2 across a horizontal

plane at each measurement depth (lmol m-2 s-1),

and D is the diffusion coefficient of CO2 in soil pore

air. Diffusion coefficients were calculated for each

measurement depth and time following:

D ¼ Do � n ð2Þ

with Do being the diffusion coefficient of CO2 in air,

given by:

Do ¼ Dao
T

293:15

� �1:75
101:3

P

� �
ð3Þ

where P is 82 kPa (local atmospheric pressure for the

site) and T is the soil temperature at the relevant depth

and time (Massman 1998). Dao is 15.7 mm2 s-1, the

reference value for CO2 in air at 293.15 K and

101.3 kPa. n is a dimensionless tortuosity factor,

which was calculated using the power function fit to

soil core data from the laboratory diffusion experi-

ment. This relationship was not different between soil

depths or the two meadow positions sampled (shown

below), so the following function derived from the

entire data set was used:

n ¼ 0:95e1:93 ð4Þ

where e is the air-filled porosity (m3 m-3) calculated

for each soil measurement depth and time from total

porosity and volumetric water content. Rates of

production of CO2 (lmol m-3 s-1) within depth

intervals between measurements were calculated as

the difference in CO2 flux densities across the upper

and lower depth limits divided by the difference in

depth (de Jong and Schappert 1972).

Continuous soil chamber measurements

An open chamber system was built and installed at the

meadow site between July 10 and November 9, 2008 to

provide CO2 surface flux density measurements to

constrain the diffusion model results. The chamber was

designed following Rayment and Jarvis (1997) and was

inserted several cm into bare soil within 2 m of the soil

profile measurements. The system was controlled by a

datalogger (CR5000, Campbell Scientific, Logan UT,

USA), programmed to sample every fourth day to

conserve solar power. On sampling days a pump (KNF

Neuberger, Trenton NJ, USA) was turned on at

midnight and for 24 h continuously pulled air through

the chamber at 1.5 standard l m-1 and from the inlet

flow of the chamber at 500 standard ml min-1. A

second pump was used to pull subsample flows at 150

standard ml min-1 individually from the chamber inlet

and outlet flows through an IRGA (LI-800, Lic-Cor

Biosciences, Lincoln NE, USA). The chamber flux was

measured every 2 h beginning at 1 a.m., and each

measurement cycle began with measurements of CO2-

free air and a calibration gas. Switching between all gas

sources was controlled using solenoid valves (Clippard

Instrument Laboratory, Inc., Cincinnati OH, USA),

and all flows were controlled using variable area flow

meters (Gilmont Instruments, Barrington IL, USA).

Flows were stopped prior to all CO2 measurements to

allow the IRGA measurement cell to stabilize at

atmospheric pressure. The dilution effect of water
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vapor in inlet and outlet flows was corrected by placing

a humidity sensor (HMP45A, Vaisala, Woburn MA,

USA) in-line, upstream of the IRGA. Surface CO2 flux

rates were calculated using:

Flux ¼ ðCo � CiÞFlow

A
ð5Þ

where Co and Ci are the mole fractions (lmol mol-1)

of CO2 in air in the inlet and outlet flows from the

chamber, ‘‘Flow’’ is moles of air passing through the

chamber per second (mol s-1), and A is the soil

surface area enclosed by the chamber (m2). The

chamber remained in a single position until rain

events, after which it was moved and inserted into the

soil at another nearby bare soil location, with no

further measurements occurring on the same day the

chamber was moved.

Results

Profile measurements

Soil temperature varied between 0 and 30 �C annually,

with maximum seasonal and diel temperature vari-

ability near the soil surface (Fig. 1a). Temperature in

the soil under snow cover (Fig. 1c) slowly declined

over the winter and remained above freezing. Soil

moisture was consistently highest in the cold months

of the year, and decreased during spring/summer

following snow melt (Fig. 1b, c). Summer reduction

of soil moisture was greatest near the soil surface. The

timing and magnitude of late summer and fall

precipitation events varied from year to year.

Carbon dioxide typically increased with depth and

varied seasonally (Fig. 1d), with highest mole frac-

tions measured in mid-June, about 1.5 months before

soil temperature reached the seasonal maximum

(Fig. 1a). Additional CO2 peaks occurred in the soil

following summer and fall rain events. Profiles of CO2

under snow cover were markedly different between

winters. In winter 2005/2006, soil CO2 mole fraction

decreased during spring melt until the entire measured

profile nearly matched the atmosphere (Fig. 1c, d). In

winter 2006/2007, decoupling of soil CO2 and the

atmosphere was apparent as CO2 mole fraction

increased in the shallow soil and equilibrated with

CO2 stored in deeper layers.

Diffusion model results

Throughout the following we refer to ‘‘surface CO2

flux’’ as the flux density of CO2 (lmol CO2 m-2 s-1)

calculated for the soil surface from the diffusion model
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or continuous chamber data, ‘‘CO2 production’’ as the

rate of respiratory production of CO2 calculated with

the diffusion model for specific zones within the soil

profile (lmol CO2 m-3 s-1), and ‘‘soil respiration’’ as

the interpreted true instantaneous rate of soil CO2

production by the entire soil profile. Surface CO2

efflux would only reflect total CO2 production and soil

respiration under conditions of steady state.

Modeled fluxes incorporated the composite mea-

sured tortuosity relationship with air-filled porosity

from all soil cores (Eq. 4). This fitted function was

similar to relationships published by Millington

(1959) and Jassal et al. (2005) (Fig. 2a). Soil respira-

tion patterns within the study period were not strongly

affected by choosing one of these other tortuosity

functions (data not shown). Hourly variability in

modeled fluxes (Fig. 1e) reflected rapid changes in

soil CO2, T, and h, via effects on soil CO2 production

and diffusivity. However, the amplitude of diel surface

CO2 flux variability in chamber observations was

much larger than was produced by the model during

summer/fall 2008, when both methods were applied

simultaneously (Fig. 2b, c). Surface flux variability

measured with the chamber was taken as a more direct,

and thus reliable measure, and for this reason daily

means of modeled flux and production results were

used in subsequent analyses.

Seasonal drivers of soil respiration

During the snow-free growing season (approximated

as days 100–330 across years for comparison) surface

fluxes increased steeply during spring, and decreased

more gradually over summer and fall, with additional,

smaller peaks appearing after rain events (Fig. 3).

Daily CO2 production was generally larger over the

0–22 cm depth interval than from 22 to 48 cm

(Fig. 3c, d). The sum of these sources accounted for

nearly all the surface flux (representing total soil

production at steady state), suggesting that relatively

little CO2 production occurred below 48 cm. Daily

surface CO2 flux peaked sharply in mid-June for all
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years at 4–6 lmol m-2 s-1 (*4–6 g C m-2 day-1,

Fig. 3e). Model results indicated that late summer CO2

production spiked at both depth intervals after rains,

though often these rain events did not penetrate deep

into the soil (Fig. 3b). Soil moisture at 10 cm reached

similar seasonal summer minima during all years

studied. Modeled shallow soil CO2 production and

surface CO2 flux peaks were synchronized with the

timing of drawdown of spring soil moisture, rather

than the seasonal pattern of soil temperature (Fig. 3).

Cumulative soil CO2–C efflux from the model for each

entire snow-free period was 559, 631, and 622 g

C m-2 year-1 for 2006, 2007, and 2008, respectively.

Relationships between soil temperature and soil

respiration followed three consistent seasonal trajec-

tories within each year (Fig. 4). The transitions

between these phases were evident in the rates of

change (first derivatives with respect to time) of

temperature, surface CO2 efflux, and soil moisture

calculated for sets of five consecutive days, averaged

across all years of this study (Fig. 5). In the first period

(P.1, days 100–169), defined as the time between

snowmelt and peak biomass and maximum soil

respiration (which co-occurred), soil respiration

increased steeply with soil temperature. In the second

period (P.2, days 170–213), defined as the period from

peak biomass (and initiation of senescence) to max-

imum soil temperature, soil respiration decreased

while soil temperature continued to increase. In period

3 (P.3, days 214–330), representing the time from

maximum soil temperature to onset of winter precip-

itation, soil respiration and soil temperature decreased

together. While large variations in temperature, mois-

ture, and respiration fluxes associated with synoptic

weather events during periods 1 and 3 were apparent

after averaging all years, consistently warm and dry

100 150 200 250 300
0

2

4

6

F
lu

x,

μm
ol

 C
O

2 
m

−
2  

s−
1

Day of year

(e)
0

4

8

12

C
O

2 p
ro

du
ct

io
n,

μ m
ol

 C
O

2 
m

−
3  

s−
1

22−48 cm
(d)

0

4

8

12

16

C
O

2 p
ro

du
ct

io
n,

μm
ol

 C
O

2 
m

−
3  

s−
1

0−22 cm
(c)

0

10

20

S
oi

l T
,

°C

(b)

0.1

0.2

0.3

0.4

Θ
,

m
3  

m
−

3

(a)2005
2006
2007
2008

Fig. 3 Daily means of

volumetric water content at

10 cm (h, a), soil

temperature at 10 cm (b),

calculated CO2 production

rate for soil within the 0–22

(c) and 22–48 cm (d) ranges

of soil depth, and modeled

surface CO2 flux (e) for each

growing season during the

study

Biogeochemistry (2013) 113:683–697 689

123



conditions during Period 2 corresponded with a

relatively smooth increase in the average rate of

change in soil moisture towards zero.

In addition to soil moisture and temperature effects

during the snow-free period, winter freezing of water

at and above the soil surface was determined to impact

modeled surface fluxes into the 2007 growing season,

although soil temperature at 0.5 cm did not go below

0 �C (Fig. 1a). In contrast to the 2005/2006 winter,

CO2 in the snow (?5 cm above soil surface) during

2006/2007 was decoupled from the soil profile and

reflected mole fractions similar to the convectively-

mixed air above the snow (Fig. 1d). Snow accumu-

lated slowly in this winter, with frequent melting and

some precipitation arriving as rain. Wet soil at the

surface and cold temperature appeared to inhibit CO2

diffusion from the soil to the atmosphere, as CO2 mole

fractions at depth increased during this time of low

snow cover (Fig. 1d). Later in this winter an ice layer

developed several centimeters thick, after a melt

period was followed by a storm (Fig. 1b–d). At this

time, CO2 mole fraction at the shallow measurement

depths rose suddenly and very sharply, and equili-

brated with values at the deepest depths (Fig. 1d). Just

before the ice and snow melted (March 3), rather than

a progressive decrease in soil CO2 profile via diffusion

to the atmosphere (Fig. 6a), an inverted CO2 gradient

(decreasing mole fraction with increasing depth) was

apparent in the measured profile (Fig. 6b). This

indicated that shallow soil winter CO2 production

was occurring and producing a net downward CO2

flux, and enhancing storage of CO2 in soil pores under

the ice. Within a month after the ice melted and

diffusion to the atmosphere was again restored (April

4), a more typical profile of increasing CO2 with depth

was observed. Model results indicated that loss of soil

storage of CO2 led to an initial increase in surface flux

of 1–2 lmol m-2 s-1, or about 10 times the average

surface efflux following snowmelt in the other mea-

sured years (Fig. 7). This relative increase dropped

rapidly over the next few weeks, but growing season

surface fluxes did not consistently match the average

of other years until after about 40 days after the

surface ice diminished and the diffusive storage efflux

peaked. If the efflux of winter-stored soil CO2 was

entirely responsible for surface flux differences

between 2007 and other years during the period

following melt (Fig. 7), total winter storage loss
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Fig. 4 a–c Modeled

surface CO2 flux versus soil

temperature at 10 cm for

each of the three complete

growing seasons of the

study. Each season was

divided into three periods

(P.1–3), with the first

division (day 169) identified

as the day of maximum

surface CO2 efflux from

averaged model results for

all 3 years (e), and the

second division (day 213)

identified as the average day

of seasonal maximum soil

temperature at 10 cm (d).

f A schematic representation

of the relationship between

CO2 flux and soil

temperature over the

seasonal course of the three

periods. Respiration and

temperature patterns during

winter periods (not included

in this study) would be

needed to connect the end of

P.3 to the beginning of P.1
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Fig. 7 Difference between modeled surface CO2 flux following

snowmelt in 2007 and the average of the other years studied,

expressed as absolute (a) and normalized (difference/mean, b)

excess (labeled as ‘‘excess’’ flux to reflect its possible source

from stored soil CO2 rather than concurrent respiratory

production)
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(integration of Fig. 7a) was 64.5 g C, or *10 % of

total growing season soil respiration. Removing this

storage efflux enhancement would reduce the 2007

growing season soil respiration total to 567 g C.

Discussion

We utilized interannual variability in precipitation to

evaluate seasonal drivers of soil respiration in a semi-

arid, snow-dominated mixed grassland, providing a

relatively complete perspective on soil respiration

sensitivity to environment in this widespread ecosys-

tem type. We identified three time periods between

snowmelt and winter with contrasting limitations to

soil respiration. Period 1 was from snowmelt to peak

biomass (*day 169), during which soil respiration was

linked to plant growth and activity, with a primary

importance of winter and spring precipitation. Period

2, from peak biomass until peak soil T, was character-

ized by consistently dry soil, senescent vegetation, and

an absence of precipitation. Period 3, after temperature

had begun to cool, was associated with variable

summer/fall precipitation events, to which soil respi-

ration was highly responsive. In each of these periods,

soil respiration rates were sensitive to contrasting

climate conditions, leading to varied implications for

the net effect of predicted climate changes on annual

soil respiration. We expect that these seasonal condi-

tions may exist in other snow-dominated, semi-arid

ecosystems where summer precipitation is minimal

and winter and autumn precipitation are variable.

Period 1

Following snowmelt, meadow vegetation was emerg-

ing from seed and perennating buds, and thus above-

ground biomass and presumably autotrophic soil

respiration were minimal. Cold periods immediately

after snowmelt showed the lowest soil respiration rates

in most years, but efflux rates increased steeply to an

annual maximum as soils warmed and vegetation grew

to peak biomass (Figs. 4, 5). This steep increase was

likely fueled by metabolism of recent photosynthate

transported belowground during growth of meadow

vegetation (Vargas 2011).

Peak biomass coincided with the greatest rates of

soil CO2 production and the depletion of winter and

spring soil moisture, with wetter years (e.g. 2008)

producing later and larger spring peaks in CO2

production and fluxes (Fig. 3). At the point of peak

biomass, when the CO2 surface flux peaked and began

to decrease sharply, the rate of soil moisture depletion

at 10 cm reached a maximum (most negative dh/dt in

Fig. 5c). Then soil moisture loss rapidly slowed down,

coinciding with senescence of vegetation, and likely

attributable to a sharp decrease in transpiration flux of

water out of the soil. The observation that soil

respiration dropped sharply during senescence while

soil moisture remained relatively constant (Fig. 5)

implies that soil respiration during Period 1 had been

strongly associated with plant activity. The similarity

of minimum soil moisture at 10 cm during summers of

all years (*0.08 m3 m-3, Fig. 3a) may indicate a

minimum water potential threshold for water uptake at

this site (Sperry 2000).

Period 2

The summer period between peak biomass and

maximum soil temperature was the most consistent

across years in terms of interannual variability, being

consistently warm and absent precipitation, with

declining soil respiration (Figs. 3, 5). Soil respiration

was likely increasingly substrate-limited as photosyn-

thetic assimilation decreased and plant carbon alloca-

tion may have been directed towards reproduction for

annual plants. Additionally, existing dissolved soil

organic carbon would have become progressively less

available to microorganisms as soils became very dry

(Skopp et al. 1990; Howard and Howard 1993;

Davidson and Janssens 2006). The resulting midsum-

mer depression of soil respiration was similar to that

observed in Mediterranean zones where vegetation

senesces or becomes inactive during similarly hot and

dry summers (Tang and Baldocchi 2005; Chou et al.

2008; de Dato et al. 2010).

Period 3

Small midsummer rains occurred in all years around

day 220 and wet surface soils briefly before being lost

to evapotranspiration (Fig. 1b). While these small

events led to increased soil CO2 (Fig. 1d), the

corresponding decrease in modeled diffusion coeffi-

cient due to wetting almost entirely offset the increase

in CO2 gradients, leading to a minimal increase in the

calculated surface flux (Fig. 3). These results are
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consistent with findings of Olsen and Van Miegroet

(2009), who found short-lived (\1 week) increases in

soil respiration following July and August irrigations

of 2.5 cm water to northern Utah rangelands. Their

results and ours suggest a more complete rewetting of

the soil profile is necessary to achieve a substantial and

sustained respiratory response (Fig. 3).

Continued cooling temperature within Period 3 was

associated with larger, drought-ending precipitation

events. Soil respiration responses to large summer/fall

rain events varied among years with the timing and

amount of precipitation. Comparisons of rain event

responses in Fig. 3 suggest that earlier and larger

summer/fall rains were associated with larger

increases in respiratory production and surface CO2

efflux than later and smaller rains, as reported for other

ecosystems (Chou et al. 2008; Munson et al. 2010).

Relatively early fall rains in 2008 produced a large and

sustained increase in soil respiration compared to

other years, in which larger rain events occurred later

in the season (Figs. 3, 4). Decreasing respiratory

responses to drought-ending precipitation with time in

season could possibly explained by declining soil

temperature (Figs. 3, 4). Additionally, more substrate

may have been available for decomposition at the time

of rainfall in 2008, given the longer period of spring

soil moisture availability (Fig. 3), and thus potentially

greater plant growth and litter production. Although a

small amount of plant growth was observed after fall

rains, the large increase in soil respiration following

summer and fall rains after soil temperatures peaked

(within Period 3) was probably mostly due to stimu-

lated heterotrophic respiration. Mechanisms for rain

pulse-induced peaks in heterotrophic soil respiration

include decomposition of dissolved labile soil organic

carbon (Saetre and Stark 2005; Borken and Matzner

2009; Chen et al. 2009) and mineralization of intra-

cellular solutes during microbial adjustments to the

rapid change in osmotic conditions (Fierer and Schi-

mel 2003). Further analysis, such as soil rewetting

experiments (Miller et al. 2005; Kim et al. 2012),

would be needed to determine causes of the variable

responses of soil respiration to rain we observed.

Winter

At the end of Period 3, just before snowfall, soil

respiration rates were higher for a given temperature

than rates associated with the same temperature during

Period 1 (Fig. 4), although both of these seasonal

phases were associated with similarly high soil

moisture (Fig. 3). Greater respiration in fall than

spring may have been due to the greater amount of soil

carbon available for decomposition in fall due to litter

input from senescent plant tissues above- and below-

ground. Lower respiration rates in spring with ade-

quate moisture and similar temperature imply that at

the time of green up of the meadow in spring,

heterotrophic soil respiration was substrate-limited.

One apparent exception to this pattern was spring

2007, when early spring respiration rates for a given

temperature were as high as rates during the fall

(Fig. 4). However, the 2007 growing season followed

the unique winter within this study when CO2

accumulated in soil pores beneath an ice layer (Figs. 1,

6). As soils at the site were extremely deep, with

unsaturated, porous soil extending for several meters

(data not shown), the cause of the uniquely high early

season fluxes in 2007 was probably efflux of CO2

stored in the soil from winter and the previous growing

season (2006). This conclusion was supported by the

decreasing offset between CO2 surface fluxes (and

production attributed to both depth intervals) in 2007

and those of other years over the first few weeks after

snow melt (Figs. 6, 7). The long duration of excess

surface CO2 efflux (Fig. 7) may have been due to low

diffusivity of very wet soils (e.g. h[ 0.3, e\ 0.15)

following snowmelt (Fig. 2).

Implications for annual soil carbon balance

Cumulative soil respiration during the growing season

(63 % of the year from day 100 to 330) ranged from

559 to 622 g C m-2 year-1, which corresponds well

with published estimates for temperate grasslands

(Raich 1992; Bond-Lamberty and Thomson 2010).

Heterotrophic soil respiration at this site may be

enhanced by carbon subsidies (litterfall) from nearby

deciduous trees. Lacking detailed measurements of

physical attributes of the snowpack, we were unable to

model respiration fluxes under snow, which likely

contributed a substantial amount to the annual soil

CO2 flux (Brooks et al. 2005; Liptzin et al. 2009).

Evidence of under-snow CO2 production included an

inverted CO2 gradient under capping ice at the surface

(Fig. 6) and the difference in fall and spring relation-

ships between surface CO2 efflux and soil T (Fig. 5). It

appeared that fall and winter decomposition had
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diminished the carbon inputs from each growing

season by the time of the following spring, so that

heterotrophic respiration was substrate limited at the

time of snowmelt. This interpretation is consistent

with glucose addition experiments in winter showing

microbial respiration under snow to be carbon limited

in the Rocky Mountains (Brooks et al. 2005). A

visibly-bleached and compressed litter layer was

present immediately after each snowmelt, but then

disintegrated and almost entirely disappeared by the

time of emergence and growth of vegetation. No

permanent litter layer or thatch remained on the soil

surface of the meadow into summer. Readily-decom-

posable (e.g. herbaceous) litter may undergo 50–80 %

of annual decomposition under snow in mountain sites

(Coxson and Parkinson 1987; Baptist et al. 2010),

whereas in nearby sites with more recalcitrant litter,

winter decomposition may account for much less (e.g.

10–16 % in a coniferous forest (Kueppers and Harte

2005)). While a high potential for winter decomposi-

tion may compensate for interannual variability in

litter production at this site, further study is necessary

to determine how slow-turnover soil carbon pools are

impacted during periods of spring plant growth and

autumn/winter decomposition.

Model performance

Our modeling approach was relatively simple and

omitted factors such as storage in liquid and gas phases

(Simunek and Saurez 1993; Gamnitzer et al. 2011),

advection (Camarda et al. 2007; Flechard et al. 2007),

and transport and heat conduction lags (Maseyk et al.

2009; Phillips et al. 2011). Dissolution of CO2 in the

highly calcareous soil, while not represented in our

model, may explain how an increased CO2 flux may

have been sustained for several weeks into 2007 from

CO2 stored under capping ice (Fig. 7) (Gamnitzer

et al. 2011). The limited daily flux variability produced

by the model in comparison with flux variability

measured with a soil chamber (Fig. 2) may reflect a

violation of the steady state assumptions implicit in

our model approach. Closer correspondence over

hourly timescales was reported when similar model

and chamber approaches were compared in a forest in

Vancouver, Canada (Jassal et al. 2005). It may be that

greater surface temperature variability at our more arid

site led to greater flux variability than our steady state

model could reproduce. The disparity between

performance of their model and ours is unlikely a

result of differences in soil structure, given the

similarity of our soil tortuosity relationships to soil

moisture (Fig. 2a). As reported by Riveros-Iregui

(2008), model-chamber agreement was reduced when

water content was very high or changed abruptly due

to rain events. In spite of these limitations, daily

average flux results from the model captured soil

respiration variability in continuous chamber mea-

surements over the dynamic late summer of 2008

(Fig. 2), reflecting adequate model performance for

the purposes of this study.

Summary

Semi-arid, snow-dominated ecosystems of the inter-

mountain western U.S oscillate annually between

cold/wet and warm/dry conditions. This generates a

strong seasonality and path-dependence (importance

of antecedent conditions) in the drivers of soil

respiration, and complicates predictions about

responses of soil respiration to climate change. We

found a recurrent seasonal hysteresis in the relation-

ship between soil respiration and soil temperature that

resulted from shifting relationships between soil

temperature, moisture, and substrate supply to roots

and soil heterotrophs. While we have not seen a

similar pattern published to date, we expect it may

occur in other snow-dominated ecosystems with

minimal summer precipitation. Soil respiration in

spring was tightly coupled to plant activity, reaching

an annual maximum at peak aboveground biomass,

when winter and spring soil moisture had been

depleted to *0.1 m3 m-3 at 10 cm depth. Then,

senescence and continued soil drying led to decreased

soil respiration despite continued increases in temper-

ature. Fall precipitation stimulated widely varying

amounts of soil respiration, with indications that

earlier and larger fall rain events may stimulate greater

soil CO2 production. High fall rates of soil respiration

persisted until snowfall, with late fall soil respiration

greater than found in early spring for a given

temperature. We also observed a noteworthy period

of winter soil CO2 storage accumulation beneath

surface ice in 2007, which enhanced modeled efflux

for several weeks after melt. A consistent theme in all

of these observations is a dependence of soil respira-

tion on both current and antecedent environmental and

biotic conditions. Finally, we conclude that the
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amount and timing of winter and spring precipitation

(promoting vegetation growth) and summer and

autumn precipitation (promoting decomposition) will

determine how soil respiration responds to climate

change in this and similar sites.
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