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ABSTRACT

Arid and semi-arid ecosystems dominated by

shrubby species are an important component in the

global carbon cycle but are largely under-repre-

sented in studies of the effect of climate change on

carbon flux. This study synthesizes data from long-

term eddy covariance measurements and experi-

ments to assess how changes in ecosystem com-

position, driven by precipitation patterns, affect

inter-annual variability of carbon flux and their

components in a halophyte desert community

dominated by deep-rooted shrubs (phreatophytes,

which depend on groundwater as their primary

water source). Our results demonstrated that the

carbon balance of this community responded

strongly to precipitation variations. Both pre-

growing season precipitation and growing season

precipitation frequency significantly affected inter-

annual variations in ecosystem carbon flux. Heavy

pre-growing season precipitation (November–April,

mostly as snow) increased annual net ecosystem

carbon exchange, by facilitating the growth and

carbon assimilation of shallow-rooted annual

plants, which used spring and summer precipita-

tion to increase community productivity. Sufficient

pre-growing season precipitation led to more ger-

mination and growth of shallow-rooted annual

plants. When followed by high-frequency growing

season precipitation, community productivity of

this desert ecosystem was lifted to the level of

grassland or forest ecosystems. The long-term

observations and experimental results confirmed

that precipitation patterns and the herbaceous

component were dominant drivers of the carbon

dynamics in this phreatophyte-dominated desert

ecosystem. This study illustrates the importance of

inter-annual variations in climate and ecosystem

composition for the carbon flux in arid and semi-

arid ecosystems. It also highlights the important

effect of changing frequency and seasonal pattern

of precipitation on the regional and global carbon

cycle in the coming decades.
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INTRODUCTION

Arid and semi-arid ecosystems comprise more than

40% of the global terrestrial surface (Asner and

others 2003; Poulter and others 2014) and are

expanding due to global climate change and

anthropogenic disturbance (Schlesinger and others

1990; Emmerich 2003). Although aboveground

carbon concentrations are typically relatively low

in arid and semi-arid ecosystems, these systems

contain nearly 20% of the global soil carbon pool

and account for 30–35% of terrestrial net primary

productivity (UNSO/UNDP 1997; Field and others

1998). However, the carbon cycle in arid and semi-

arid ecosystems is poorly understood (Pacala and

others 2001). Recent evidence suggests that the

global carbon pool in semi-arid ecosystems is an

increasingly important driver of the inter-annual

variability of the global carbon cycle and that

tropical rainforests may become less relevant dri-

vers in the future (Poulter and others 2014).

Therefore, assessing the impacts of vegetation and

climate change on carbon cycling in these ecosys-

tems has become a hot research topic in recent

years (Barron-Gafford and others 2012; Jenerette

and others 2012; De Graaff and others 2014; Scott

and others 2014).

Climate change may impact strongly on ecolog-

ical processes through a combination of direct cli-

mate-mediated changes in plant and microbial

physiology, and more indirectly through climate-

mediated changes in vegetation composition (Bar-

ron-Gafford and others 2012, 2013; De Graaff and

others 2014; Poulter and others 2014). Vegetation

change is not simply an expansion or contraction of

species’ ranges but also strongly affects the bio-

sphere–atmosphere exchange of water and carbon

(Huxman and others 2005; Kulmatiski and Beard

2013; Scott and others 2014). For example, shrub

(C3 plants) encroachment into C4-dominated

grassland can lead to changes in the temperature

response of leaf- to ecosystem-level carbon flux

(Barron-Gafford and others 2012). Poulter and

others (2014) found that a 6% expansion of vege-

tation cover in Australia was associated with a

fourfold increase in the sensitivity of continental

net carbon uptake to precipitation.

Desert ecosystems in Central Asia are dominated

by phreatophytes, which depend on groundwater

as their primary water source, and photosynthesis

of these desert communities responds in a non-

linear fashion to growing season precipitation (Xu

and Li 2006; Xu and others 2007). Moreover, the

inter-annual variation of carbon flux may have

resulted from an adjustment in community struc-

ture to precipitation (that is, with more shallow-

rooted annual plants in wet years; Liu and others

2012). Huang and Li (2014) examined carbon ex-

change of the herbaceous layer using static cham-

bers in the Gurbantonggut Desert of western

China. They found that the herbaceous layer em-

ployed different water-use strategies over the

course of the growing season, which affected the

seasonal variation of carbon flux. If ephemeral

plants, which use snowmelt water and spring pre-

cipitation, were dominant, the system was a carbon

sink. In contrast, the abundance of annuals and

perennials using summer precipitation resulted in

the system being a carbon source in summer. Other

research has shown that soil respiration increases

greatly with precipitation, especially under shrubs

(Ma and others 2012). Such studies to date have

not assessed the mechanisms that result in the

precipitation-driven patterns in the herbaceous

layer and inter-annual variation of carbon flux

over a phreatophyte-dominated desert ecosystem.

Moreover, the long-term data are required to cap-

ture the strong inter-annual variability of precipi-

tation in these systems and to fully understand how

changes in climate and ecosystem composition af-

fect the inter-annual variability of carbon exchange

and their components.

Desert ecosystem community structure and pro-

ductivity are highly sensitive to temporal variability

in precipitation (Noy-Meir 1973; Reynolds and

others 2004; Collins and others 2008; Fay 2009). In

desert ecosystems of Central Asia, halophyte com-

munities are ubiquitous and are typically divided

into shallow- and deep-rooted species (Xu and Li

2006). These divergent rooting strategies allow the

assessment of how changes in vegetation structure

and function that depend on the different soil wa-

ter pools affect carbon cycling. This study uses the

long-term eddy covariance data and field experi-

ments with the aim to (1) determine the inter-an-

nual variation in the carbon flux of a

phreatophyte-dominated desert ecosystem; (2)

determine the inter-annual variation in the water-

use strategy of dominant shrubs; (3) assess how the

herbaceous layer affects the inter-annual variation

in ecosystem carbon flux; and (4) investigate how

variations in precipitation patterns and other dri-

vers affect the ecosystem carbon uptake and re-

lease. We hypothesized that precipitation patterns

alter the community structure by changing the

proportion of shallow-rooted annual plants; and

that carbon cycling will be altered, as these plants

make better use of precipitation and increase car-

bon accumulation. With these in mind, we hope to

achieve a deep understanding of the impact of cli-
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matic changes on ecosystem structure and carbon

cycling processes in phreatophyte-dominated de-

sert ecosystems and resulting in better predictions

under projected climatic change scenarios.

MATERIALS AND METHODS

Study Area

Carbon and water fluxes, derived from eddy

covariance data, were obtained at the Fukang Sta-

tion of Desert Ecology, Chinese Academy of Sci-

ences, located at the southern periphery of the

Gurbantonggut Desert, in the hinterland of the

Eurasian continent (44�17¢N, 87�56¢E, 475 m

a.s.l.). The station is 8 km from the edge of the

Gurbantonggut Desert and 72 km south of the

highest peak of the eastern Tianshan Mountains

(5445 m a.s.l.). The site is located on an alluvial

plain with strongly saline/alkaline soils (electrical

conductivity > 4, pH > 8.5 for soil solution of

soil:water ratio of 1:5). The site is fenced to prevent

human disturbance and livestock grazing.

The plant community is dominated by the deep-

rooted desert shrub Tamarix ramosissima, which, as a

phreatophyte, depends primarily on groundwater to

survive (Xu and Li, 2006; Xu and others 2007). The

shallow-rooted herbaceous component of the com-

munity is divided into two groups: spring annuals,

and summer annuals and perennials. The spring

annuals generally use snowmelt water and spring

precipitation and are dominated by Alyssum lini-

folium, Schismus arabicus, Lactuca undulata, and

Erodium oxyrrhynchum (Fan and others 2013; Huang

and Li 2014). Summer annuals and perennials (in-

cluding Salsola nitraria, Suaeda salsa, Salicornia euro-

paea, and Ceratocarpus arenarius) use summer

precipitation as their main source of water. The

study period (comprising 2002–2012, excluding

years 2003 and 2010 due to instrument malfunc-

tion) was characterized by high inter-annual varia-

tion in plant canopy cover of the herbaceous layer

(range 5–30%). In this study, years with herbaceous

cover higher than the 15-year (2000–2014) average

of 13% are hereafter referred to as shrub–grass years

(that is, the hydrological years 2002, 2004, 2007,

2008, and 2009). The other four hydrological years

had a maximum plant cover below the average, and

they are referred to as shrub years.

The site has a temperate continental arid climate,

with an average annual temperature of 6.6�C. The
average annual precipitation is 163 mm, around

60–75% of which falls in the growing season

(May–October). Precipitation prior to the growing

season (November–April) is mostly in the form of

snow, which covers the soil for most of this period

and melts in April. In this study, the growing sea-

son of each year was divided into 60-day blocks

representing the beginning (May–June) (domi-

nated by ephemeral plants), middle (July–August)

(dominated by shrubs, annuals, and perennials),

and end (September–October) (dominated by

shrubs) (Figure 1).

Eddy covariancemeasurements were commenced

at the site in 2002 (excluding 2003 and 2010, due to

data loggermalfunction). The systemconsistedof a3-

Figure 1. Conceptual

diagram illustrating the

dominant plant type,

water source, and the

maximum plant cover in

different periods of the

growing season (GS) at

the study site (Fukang

Station in western

China). Different colors in

shrub crowns indicate

different growing stages

(beginning: light green,

middle: green, and end:

yellow) (Color

figure online).
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D ultrasonic anemometer–thermometer (STA-5055,

KAIJOCorporation, Tokyo, Japan) and an open path

infrared gas (CO2/H2O) analyzer (LI-7500, LI-COR

Inc., Lincoln, Nebraska, USA)mounted at a height of

3 m. The former measured instantaneous fluctua-

tions of the horizontal (u), vertical (w), and lateral (v)

wind speed and the virtual temperature (Ta),

whereas the latter measured instantaneous fluctua-

tions in the concentration of carbon dioxide (c) and

water vapor (q). The data were measured at 10 Hz

and logged with a CR23X data logger (Campbell

Scientific Inc., Logan, UT, USA). Additional meteo-

rological instruments measured air temperature and

humidity (MP300, Campbell Scientific Ltd., Shep-

shed, UK), soil temperature (107L, Campbell Scien-

tific Inc., USA), photosynthetic active radiation

(PAR), and net radiation (Rn: LI-190SB, LI-COR Inc.,

Lincoln, Nebraska, USA). Two soil heat-flux plates

(HFP01SC, Hukseflux, The Netherlands), installed

5 cm below the soil surface, measured soil heat flux.

These data were logged with a CR23X data logger

(Campbell Scientific Inc., USA).

Data Processing

Data Post-processing

The rawhigh-frequency (10 Hz) datawere calculated

using post-processing software (www.geos.ed.ac.uk/

abs/research/micromet/EdiRe developed by the

University of Edinburgh, UK). Based on methods of

Lee and others (2004), the computation routine in-

cluded spike removal, planar rotation (Wilczak and

others 2001), auto-detection of the time delay be-

tween different sensors, spectral correction for sensor

separation and sensor path length, and Webb–Pear-

man–Leuning correction (Webb and others 1980).

Net ecosystemcarbonexchange (NEE) and latent and

sensible heat were then calculated. To minimize

calculation error, half-hour flux data were rejected if

one of the following criteria was met: (1) incomplete

half-hour measurements mainly caused by power

failure, (2) rain events, (3) stable atmospheric con-

ditions during night time (u*, friction velocity,

<0.1 m s-1), (4) half-hour data of NEE at night time

<0, and (5) statistical outliers outside the ±5 stan-

dard deviation range of a 10-day running mean

window. Approximately 30–40% of flux data were

eliminated by the screening criteria, which caused

data gaps at a rate consistent with other systems (Xu

and Baldocchi 2004; Wohlfahrt and others 2008).

Gap-Filling of the Eddy Covariance Data

NEE was divided into day (Rn > 1 W m-2) and

night (Rn < 1 W m-2) times. Negative NEE

denotes net carbon uptake by the ecosystem. The

following three strategies were used to fill gaps in

the data: first, linear interpolation was used to fill

gaps of £ 2 h, and second for larger gaps during

daytime, with a 15-day window, the relation be-

tween PAR and NEE was used to estimate the

missing data using a Michaelis–Menten rectangular

hyperbola (Ruimy and others 1995; Falge and

others 2001):

NEE ¼ a� b� PAR

a� PAR þ b
� c; ð1Þ

where a is the initial slope of the light response

curve (mol CO2 mol-1 of photons), b is the satu-

ration value of NEE at infinite light level, and c is

the bulk estimate of ecosystem respiration (Reco).

Third, for filling gaps in night measurements, we

selected NEE values within a 30-day window from

the gaps that were obtained under high turbulence

conditions (u* > 0.1 m s-1, because the eddy

covariance technique may underestimate NEE

under stable atmospheric conditions at nighttime),

and used the Lloyd–Taylor function (Lloyd and

Taylor 1994):

NEE ¼ a� expðb� TsoilÞ; ð2Þ

where a and b are the fitting coefficients and Tsoil is

the soil temperature at 5 cm.

Calculating Gross Ecosystem
Productivity and Ecosystem Respiration

Gross ecosystem productivity (GEP) was obtained

by subtracting NEE from Reco, which required

evaluating Reco for day and night periods (Reich-

stein and others 2005).

Energy Balance

To assess the accuracy of the eddy covariance

measurements, half-hourly data were used to cal-

culate the surface energy budget for each of the

9 years of the study:

Rn � G ¼ LEþ H; ð3Þ

where Rn is the net radiation, G is the soil heat flux,

LE is the latent heat flux, and H is the sensible heat

flux. The extent to which the measured latent and

sensible heat flux accounted for the available en-

ergy is shown in Table S1. Although the eddy

covariance underestimated LE + H (typically

around 20–38% lower than Rn – G), this energy

balance closure was within the acceptable range

(Twine and others 2000; Wilson and others 2002).

The energy imbalance may be caused by soil heat
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flux in the upper soil layers, and the different

locations of the footprints for the instruments used

for soil heat flux and net radiation (Table S1).

Error Estimate

Uncertainties in annual NEE during the study period

were estimated as a combination of errors arising

from the worst-case estimate, gap-filling, and u*-fil-

tering. The worst-case estimate of effects of random

error on cumulative NEE was estimated according to

equation (11) of Morgenstern and others (2004):

DNEE ¼ 0:2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i

NEEij jDtð Þ2
s

; ð4Þ

where NEE is the random error for annual NEE

associated with a 20% uncertainty of half NEEi and

t is the time (Wesely and Hart 1985). The gap-filling

procedure described above resulted in a complete

time series of NEE. Artificial noise was then added

to the gap-filled data by randomly increasing or

decreasing the values by 20% for daytime data,

which corresponds approximately to the precision

of half-hour flux measurements (Wesely and Hart

1985). We estimated uncertainties created by the

gap-filling procedure by creating artificial gaps, as

described in Giasson and others (2006). Artificial

gaps (equal in number and size to those in the

original dataset) were distributed randomly in the

time series. The gap-filling procedure was applied

again to the new data series, filling the artificially

created gaps and allowing recalculation of the an-

nual sums of NEE. Systematic errors associated

with the choice of the u* threshold were estimated

according to Morgenstern and others (2004). For

different u* thresholds during night periods, the

relationship between Tsoil and night NEE after u*

filtering was used to model all night data below

each u* threshold. Re-calculated annual sums of

NEE then allowed the estimation of errors due to

the choice of u* threshold.

Determining the Water-Use Strategy of
Dominant Shrubs

Oxygen stable isotope measurements were used to

determine the seasonal water-use strategy of the

dominant shrub (T. ramosissima) during 2 years that

differed greatly in precipitation (that is, 2009 and

2012).

Sample Collection

Four healthy T. ramosissima plants with average

canopy size were randomly selected. During May–

October, one suberized twig from each plant was

sampled twice at monthly intervals for xylem water.

Cut twigs were quickly decorticated and placed into

screw-cap glass vials sealed using Parafilm and stored

in a freezer for xylem water extraction and isotopic

analysis. At the same time, soil samples were col-

lected adjacent to the sampled plants. Soil samples

from 0 to 100 cm were obtained at 10-cm intervals

and from 100 to 300 cmwere at 20-cm intervals (the

groundwater depth fluctuated within 3–5 m). Four

replicates for each layer were sampled and sealed in

glass vials and frozen for soil water extraction and

isotopic analysis. Everymonth, groundwater samples

were collected from a nearby well. After each pre-

cipitation event (>5 cm), precipitation sampleswere

collected. Upon collection,water sampleswere sealed

and stored in a freezer for analysis.

Analysis and Calculation

Xylem water and soil water were extracted using a

cryogenic vacuum distillation extraction line and

the extracted water was stored in sealed glass vials

at 2�C. The oxygen isotopic composition of the

water was determined by a liquid water isotope

analyzer (Equation 5) (LWIA, DLT-100, Los Gatos

Research Inc., Mountain View, CA, USA). The d18O
values of the xylem water were corrected (follow-

ing Schultz and others 2011) to eliminate the effect

of methanol and ethanol contamination. More

detailed procedures are described in Wu and others

(2014) and Dai and others (2015)

d18O ¼
Rsample

Rstandard � 1

� �

� 1000&; ð5Þ

where Rsample and Rstandard are the oxygen

stable isotopic composition (18O/16O molar ratio) of

the sample and the standard water (Standard Mean

Ocean Water), respectively.

The isotopic values of xylem water were com-

pared with the potential water sources using the

IsoSource model (Phillips and Gregg 2003) (http://

www.epa.gov/wed/pages/models/stableIsotops/iso

source/isosource.htm). For each sample time, we

calculated the mean and possible range of water

utilization. Source increment was defined as 1%,

and mass balance tolerance was defined as 0.1&.

For details, see Wu and others (2014) and Dai and

others (2015).

Plant Cover and Leaf Area Survey

Ten randomly located plots of 20 m 9 20 m were

established to investigate deep-rooted shrub cover. At

monthly intervals during the growing season (2002–
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2012), the widths of the all shrub crowns were mea-

sured in east–west and north–south directions, and

shrub cover was calculated. At the same time, three

sub-plots (each 1 m 9 1 m) across the diagonal of the

main plot were chosen to estimate the cover of the

herbaceous layer using the point intercept method

(Kershaw and Looney 1983). With 100 points mea-

sured per plot, the number of points that intercepted a

part of the plant was counted and expressed as a

percentage of the total number of points recorded.

To obtain seasonal dynamics of leaf area index

(LAI) of the shrubs, LAI was determined at intervals

of 2 weeks during the growing season in 2006 and

2007. On five average-sized plants, 10 well-growing

branches were selected and labeled. All the leaves on

each branchwere photographedwith a 6 9 108 pixel

digital camera (Canon Inc., Tokyo, Japan). The total

leaf surface area of each branch was calculated from

the photographs using CI-400 CIAS software (Com-

puter ImagingAnalysis Software, CIDCo., Logan,UT,

USA). At the end of the growing season, the labeled

branches were cut, and all leaves of the monitored

plantswere harvested. For each branch, the fresh and

dry mass of leaves was determined to define the

relationship between surface area and dry mass. On

the basis of this relationship and the dryweight of the

whole plant, we could establish the whole-shrub leaf

area. LAI of the shrubswas thendetermined based on

average plant density of the shrubs. For details, see

Xu and others (2007) and Ma and others (2014).

Statistical Analyses

Data analyses, including errors calculations, linear

regressions, and one-way analysis of variance, were

performed with the statistical package SPSS for

Windows (version 19.0, Chicago, IL, USA). Partial

least square (PLS) regression analysis (Geladi and

Kowalski 1986) was conducted to investigate the

model component structure among the major dri-

vers (independent variables including various

measures of precipitation, light, temperature, vapor

pressure deficit, plant cover, and growing season

length) explaining the inter-annual variations of

NEE, GEP, and Reco (dependent variables). The PLS

analysis was carried out using SIMCA software v.

11.5 (UMETRICS, Umea, Sweden).

RESULTS

Meteorological Conditions and Carbon
Flux

Figure 2 shows the variation of major meteoro-

logical conditions during the measurement period

of 2002–2012 (excluding years 2003 and 2010).

The seasonal trends of the daily averaged Rn, air

temperature (Ta) and soil temperature (Tsoil) were

similar from year to year. Radiation varied from -

10 to -20 W m-2 on winter days and from 120 to

140 W m-2 in summer. Summer maximum and

winter minimum air temperatures were in the

ranges of 25–30 and -20 to -25�C, respectively.
Soil temperature was also similar across years with

a summer maximum (28–32�C) and winter mini-

mum (-7 to 10�C). The mean annual Rn, Ta, and

Tsoil were 49 W m-2 and 7 and 11�C, respectively.
Although mean annual precipitation over the

9 years (153 mm) was close to the long-term

average (163 mm, 1985–2010), the inter-annual

variation was large, ranging from 110 mm (re-

corded in 2008) to 231 mm (in 2007). Pre-growing

season precipitation varied from 70 mm in 2002 to

18 mm in 2012 (Table 1). Pre-growing season

precipitation was not significantly correlated with

annual or growing season precipitation or the fre-

quency of precipitation events (Pearson’s

r < 0.22). Annually integrated NEE differed

markedly between years, varying from a carbon

sink in 2002 (-91 g C m-2 y-1) to a carbon source

in 2005 (14 g C m-2 y-1) (Table 1).

Sensitivity of Inter-annual Variations in
Carbon Flux

We tested the effect of precipitation on carbon flux by

using data from 2 years differing greatly in precipi-

tation. The first year (2006) was dry, with annual

precipitation 22% below the long-term (163 mm)

andwith 7% of herbaceous layer cover (considered a

shrub year). The second year (2007) was wet (42%

above the long-term mean), with a high herbaceous

layer cover of 25% (considered a shrub–grass year)

(Figure 3A, F). The LAI of shrubs showed little vari-

ation during the two years (F = 0.11, P = 0.75)

(Figure 3E). The 2 years showed similar seasonal

trends in NEE, GEP and Reco, but the cumulative

values greatly differed. In the shrub year, the

cumulative annualNEE,GEP, andRecowere-5, 111,

and 106 g C m-2 y-1, respectively. In the shrub–

grass year, the total values were -40, 220, and

180 g C m-2 y-1, respectively (Figure 3B–D). The

community was a weak sink or source in the shrub

year (–5 ± 12 g C m-2 y-1) and a strong sink in the

shrub–grass year (–40 ± 12 g C m-2 y-1) (Table 1).

Water-Use Strategy of Dominant Shrubs

Seasonal variations in the water-use strategy of the

dominant shrub (T. ramosissima) were determined
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to assess if they may explain the striking variability

in NEE, GEP, and Reco. Regardless of whether it was

a shrub–grass (2009) or shrub year (2012), T.

ramosissima used similar water sources (Figure 4):

throughout the growing season, greater than 90%

of the xylem water was derived from groundwater,

with water sourced from middle to deep (50–

180 cm) soil comprising less than 10% (Figure 4A,

B). Additionally, the small seasonal changes in

d18O values of xylem water mirrored those seen

in the groundwater with the values around

-11.5 ± 0.1& (Figure 4C, D).

Herbaceous Layer Control over Inter-
annual Variations in Carbon Flux

The seasonal dynamics of precipitation, plant cover,

and ecosystem carbon and water fluxes showed

similar trends in shrub–grass and shrub years for

2002–2012 (excluding 2003 and 2010, due to

instrument malfunction), but the magnitude during

the growing season differed strongly between the

two types of years (Figure 5). Precipitation prior to

and during the beginning of the growing season

(day of year 60–180) differed between years

Figure 2. Seasonal and

inter-annual variation in

net radiation (Rn) (A), air

temperature (Tair) (B),

soil temperature (Tsoil)

(C), and precipitation

(PPT) (D) at the study

site. In (D), the bars

indicate daily

precipitation, filled circles

indicate cumulative PPT,

and the dashed line

represents the long-term

average annual PPT of

163 mm.

Table 1. Total Annual and Pre-growing Season Precipitation (PPT), Total Number of Precipitation Events
(Growing Season), Maximum Cover of the Herbaceous Layer and Net Ecosystem Carbon Exchange
(NEE ± Random and Systematic Errors as Assessed by the Error Analysis) in the Fukang Halophyte Desert
Community

Year Total PPT

(mm y-1)

Pre-growing season PPT

(mm season-1)

Number of PPT

events (#)

Max herbaceous

cover (%)

NEE

(g C m-2 y-1)

2002 157 70 20 21 -91 ± 20

2004 178 47 38 36 -49 ± 17

2005 141 29 22 10 14 ± 10

2006 123 41 19 7 -5 ± 12

2007 231 39 36 25 -40 ± 12

2008 110 49 24 18 -31 ± 12

2009 165 58 28 16 -20 ± 7

2011 141 34 15 7 -11 ± 12

2012 122 18 13 8 -1.3 ± 14

Mean 153 43 24 16 -26 ± 13
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(F = 4.71, P = 0.04), but precipitation during the

middle and end of growing season (day of year 181–

300) did not (F = 0.02, P = 0.89) (Figure 5A). Shrub

cover did not differ between the two types of years

(F = 0.01, P = 0.93); however, the plant cover of the

herbaceous layer significantly differed (F = 6.09,

P = 0.03), reaching a maximum cover of 21% in the

shrub–grass year and 6% in the shrub years (Fig-

ure 5B). There was no significant difference be-

tween the daily average evapotranspiration for the

two types of years (F = 0.61, P = 0.12) (Figure 5C),

but carbon fluxes (NEE, GE,P and Reco) differed

between growing season periods in shrub–grass and

shrub years. Maximum daily rates of NEE, GEP, and

Reco were higher within the growing season in

shrub–grass than in shrub years (NEE: F = 6.19,

P = 0.02, GEP: F = 15.38, P = 0.001, Reco: F = 6.18,

P = 0.02) (Figure 5D–F). Daily GEP in shrub–grass

years was more than twice that in shrub years (2.23

and 0.97 g C m-2 d-1, respectively) (Figure 5E).

Figure 3. Comparison of cumulative annual precipitation (A), net ecosystem carbon exchange (NEE) (B), gross ecosys-

tem productivity (GEP) (C), ecosystem respiration (Reco) (D), seasonal dynamics of leaf area index (LAI) for shrubs (E),

and herbaceous cover (F) during shrub and shrub–grass years (2006 and 2007, respectively).

Figure 4. Seasonal

changes in relative

contribution of potential

water sources for the

dominant shrubs (T.

ramosissima) during shrub–

grass (2009) (A) and shrub

(2012) (B) years. The insets

(C–D) show seasonal

variations of oxygen

stable isotope ratio (d18O)

value of stem water and

groundwater. Error bars

represent standard errors

of the mean (n = 4).
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Relationship Between Precipitation
Patterns and Carbon Fluxes

Across all years, pre-growing season precipitation

was significantly (P < 0.05) negatively correlated

with annual NEE and growing season NEE

(R2 = 0.72, 0.68, respectively) (Figure 6A, B),

indicating that increased pre-growing season pre-

cipitation increased annual and growing season

carbon uptake. In contrast, pre-growing season

precipitation was not significantly related with NEE

outside the growing season (R2 = -0.13, Fig-

ure 6C). Additionally, pre-growing season precipi-

tation was more strongly correlated with annual

NEE and growing season NEE in shrub–grass than

in shrub years (Figure 6).

Regressions of precipitation frequency (the

number of growing season precipitation events)

and annual GEP and GEP in the three growing

season stages were significantly correlated, and the

correlations were stronger in shrub–grass than in

shrub years (Table 2). The correlations between

precipitation frequency and Reco for the beginning

and middle of the growing season and for the

whole year were strongly significant in shrub–grass

years (R2 > 0.75) and all pooled years together

(R2 > 0.70) (Table 2). During the last stage of the

growing season, there were no significant correla-

tions between precipitation frequency and Reco for

shrub–grass years, shrub years, or all years together

(Table 2).

Total annual GEP was a stronger predictor of Reco

in shrub–grass years (R2 = 0.95) and all years to-

gether (R2 = 0.87) (Table 2) than in shrub years. In

the beginning and middle of the growing season,

GEP and Reco were significantly correlated in

shrub–grass years (R2 = 0.95 and 0.95, respec-

tively) and all years together (R2 = 0.87 and 0.93,

respectively), but not in shrub years (Table 2). At

the end of the growing season, none of these cor-

relations were significant (Table 2).

The Major Drivers of Inter-annual
Variations in Carbon Fluxes

Models of precipitation, PAR, temperature, vapor

pressure deficit, plant cover, and growing season

length explained 84, 71, and 74% of the variance

in GEP, Reco, and NEE, respectively (Figure 7).

Annual GEP and Reco showed the strongest positive

Figure 5. Average annual trends of precipitation (A), plant cover (B), evapotranspiration (C), net ecosystem carbon

exchange (NEE) (D), gross ecosystem productivity (GEP) (E), and ecosystem respiration (Reco) (F) during shrub–grass

(2002, 2004 and 2007–2009) and shrub (2005, 2006, 2011, and 2012) years. Error bars represent standard errors. Gray

panels represent significance in difference of variables in shrub–grass and shrub years (P < 0.05). Data presented are 15-

day averages, except for plant cover which is presented on a 30-day interval.
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relationships with growing season precipitation

frequency and plant cover (Figure 7A, B). Pre-

growing season precipitation and plant cover were

significantly negatively correlated with annual NEE

(Figure 7C).

DISCUSSION

Understanding the relationships between ecosystem

structure and precipitation patterns and inter-an-

nual variation of carbon flux is an important step

towards predicting how future climate change will

affect water and carbon cycles in arid and semi-arid

ecosystems (Luo and others 2007; Ma and others

2007; Archibald and others 2009; Poulter and others

2014; Scott and others 2014). Using 10 years of eddy

covariance data, we found that the carbon balance

of a phreatophyte-dominated desert ecosystem re-

sponded strongly to variability in precipitation

through changes in community structure.

Adjustments of community structure may have

unexpected impacts on carbon flux (Polis and others

1997; Gutiérrez and others 2000; Holmgren and

Scheffer 2001; Liu and others 2012). Our results

showed that the strength of the phreatophyte-

dominated desert ecosystem as a carbon sink was

Figure 6. Relationships between pre-growing season precipitation and NEE for the all years together (A), growing season

(May–October) (B), and non-growing season (November–April) (C) during the shrub–grass years (red circles) and shrub

years (black open circles). Regression line is only for all years together. ‘**’ represents statistically significant linear rela-

tionships for years (P < 0.05) (Color figure online).

Table 2. Linear Relationships Between Precipitation Frequency (PPT-freq; the Number of Growing Season
Precipitation Events) and GEP and Reco, and Between GEP and Reco for the Whole Years, and the Three Stages
of the Growing Season (GS): the Beginning (May–June), Middle (July–August), and End (September–Oc-
tober) of GS During the Shrub–Grass Years, Shrub Years, and All Years Together

Var1 Var2 Type of year Part of year (R2)

Begin GS Middle GS End GS Annual

GEP PPT-freq Shrub–grass 0.58 0.70 0.69 0.60

Shrub 0.66 0.01 0.08 0.16

All 0.65** 0.79** 0.58** 0.72**

Reco PPT-freq Shrub–grass 0.74** 0.77** 0.54 0.76**

Shrub 0.05 0.05 0.80 0.05

All 0.69** 0.82** 0.05 0.70**

GEP Reco Shrub–grass 0.95** 0.95** 0.70 0.93**

Shrub 0.15 0.60 0.14 0.52

All 0.87** 0.93** 0.16 0.87**

**Represents statistically significant linear relationships for years (P < 0.05).
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linked to the annual precipitation pattern (Figures 3

and 5). The main component of this community was

a deep-rooted shrub that relied strongly upon

groundwater throughout the entire growing season

(Figure 4), and was therefore unlikely to be the

driver of the precipitation-driven inter-annual vari-

ability in carbon flux (Xu and Li 2006; Xu and

others 2007). Instead, years with increased precipi-

tation before the growing season were associated

with an increased plant cover of shallow-rooted

annual plants. The increase in GEP in these shrub–

grass years was stronger than the increase in Reco,

which resulted in a strong annual carbon uptake,

compared with a mostly carbon neutral (weak car-

bon source or sink) in shrub years (Figure 5).

Greater pre-growing season precipitation leads to

an increased ecosystem carbon uptake in shrub–

grass years, likely due to the emergence and growth

of shallow-rooted annual plants (Figures 5 and 6).

At our study site, pre-growing season precipitation is

mostly in the form of snow, which accumulates

throughout winter and melts in early spring when

temperature increases (Zhou and others 2012). The

snowmelt functions similar to one event of heavy

rainfall in early spring: it re-fills the soil water stor-

age and occurs just in time to facilitate the emer-

gence and growth of shallow-rooted annual plants

(Fan and others 2013). The emerged shallow-rooted

annual plants can use the spring and summer pre-

cipitation, which, in turn, increases ecosystem pro-

ductivity (Ehleringer and others 1991; Golluscio and

others 1998; Scott and others 2000; Hamerlynck and

others 2012, 2013; Fan and others 2013). In addi-

tion, these shallow-rooted annual plants increase

the canopy cover, which reduces bare soil evapo-

ration and thus increases net ecosystem carbon up-

take and water-use efficiency (Liu and others 2012).

Hence, higher precipitation before the growing

season results in greater fractions of spring annuals,

which leads to a higher contribution to the ecosys-

tem productivity and higher water-use efficiency

(Huang and Li 2014).

During the growing season in shrub–grass years

(but not in shrub years), precipitation frequency

was significantly correlated with GEP and Reco

(Table 2). The results suggest that growing season

GEP was determined in large part by growing sea-

son precipitation frequency, with abundant pre-

cipitation events causing increased carbon uptake

(Xu and Baldocchi 2004; Ivans and others 2006).

Figure 7. Partial least square (PLS) component coefficients of variables explaining annual gross ecosystem productivity

(GEP) (A), annual ecosystem respiration (Reco) (B), and annual net ecosystem carbon exchange (NEE) (C), GEP, and Reco

are both presented as positive fluxes. Pannual total annual precipitation; Ppre-GS pre-growing season precipitation; PGS
growing season precipitation; Pfrequency growing season precipitation frequency (the number of growing season precipita-

tion events); PAR photosynthetic active radiation; Tair air temperature; Tsoil soil temperature at depth of 5 cm; VPD vapor

pressure deficit; plant cover: cover of herbaceous layer; GS-length: growing season length (defined as extending from the

day assimilation first occurred to the day when ecosystem carbon assimilation stopped, from about day of year 121 to 290).

R2 values are for all variables combined.
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The increase in Reco with more precipitation events

was caused by rapid increases in heterotrophic

respiration (Huxman and others 2004; Ma and

others 2012) and increases in autotrophic respira-

tion of shallow-rooted annual plants following

precipitation events (Table 2) (Reichstein and oth-

ers 2003; Verburg and others 2004). In this

phreatophyte-dominated desert, sufficient pre-

growing season precipitation leads to more germi-

nation and growth of shallow-rooted annual

plants. When the soil is subsequently frequently

recharged, the herbaceous component will remain

active (Reynolds and others 2004; Collins and

others 2008) and strongly affect the carbon balance

of the ecosystem.

Our study showed that any changes in the fre-

quency, seasonal pattern, and inter-annual varia-

tion of precipitation had strong indirect impacts on

the carbon flux in this phreatophyte-dominated

desert ecosystem by affecting the relative contri-

butions of shrub and herbaceous components. The

productivity and water-use efficiency of arid and

semi-arid ecosystems are generally considered low

compared with mesic ecosystems (Kochendorfer

and others 2011). However, the net ecosystem

carbon uptake during shrub–grass years in the

phreatophyte-dominated desert reported here are

similar to those of semi-arid rangelands across

North America (Ma and others 2007; Svejcar and

others 2008). In shrub-dominated desert ecosys-

tems, the productivity from herbaceous plants

(shallow-rooted species) is more variable within

and between years than from shrubs, as the

herbaceous plants are more sensitive to precipita-

tion (Austin and others 2004; Schwinning and

others 2004; Bell and others 2012). For example,

pre-growing season precipitation may trigger ger-

mination of shallow-rooted species, but this may

not translate into ecosystem carbon accumulation,

unless subsequent spring and summer precipitation

allows seedlings to survive and grow. However,

without germination of shallow-rooted species in

early spring, subsequent precipitation in spring and

summer may either be evaporated from bare soil or

be used by shrubs (Huxman and others 2004; Peng

and others 2013). Therefore, although our study

focused on a phreatophyte-dominated desert

ecosystem, our conclusions may still be applicable

in principle to many other shrub-dominated desert

ecosystems with a significant herbaceous layer.

Most of China has seen a significant decreasing

trend in the amount and frequency of precipitation

over the last 50 years (Zhang and Cong 2014). Cli-

mate change over the next few decades is also pre-

dicted to result in a reduction of the duration and

depth of snow cover, which will affect snowmelt

and recharge of soil water storage (Shi and others

2011). Moreover, the frequency and seasonal dis-

tribution of precipitation is expected to change, and

droughts will be more common across the country

(Kharin and others 2007; Knapp and others 2008;

Hoerling and others 2011). Such changes are likely

to affect vegetation dynamics and ecosystem pro-

cesses, including carbon uptake (Kulmatiski and

Beard 2013; Scott and others 2014), but the re-

sponse will be spatially variable (Golodets and others

2013). If the patterns found in this phreatophyte-

dominated desert ecosystem are representative of

some other arid and semi-arid ecosystems, precipi-

tation variability may thus have a large impact on

the regional and global carbon balance in the future.
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