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8 [1] The examination of vegetation productivity and use of light and water resources is
9 important for understanding the carbon and water cycles in semiarid and arid
10 environments. We made continuous measurements of carbon dioxide and water vapor
11 fluxes over an arid steppe ecosystem in Mongolia by using the eddy covariance (EC)
12 technique. These measurements allow an examination of EC-estimated gross ecosystem
13 productivity (GEP), light use efficiency (LUE), and water use efficiency (WUE) of the
14 steppe. Daily variations of GEP, LUE, and WUE were associated with daily variations of
15 incident photosynthetically active radiation (PAR), ambient temperature (Ta), and vapor
16 pressure deficit (VPD). The magnitudes of these variations were also dependent on canopy
17 development. On the daily basis, GEP linearly correlated with evapotranspiration rate and
18 PAR. LUE correlated positively with leaf area index, Ta, and soil moisture availability but
19 negatively with the surface reflectivity for short-wave solar radiation. Throughout the
20 growing season, both GEP and LUE responded strongly to precipitation-fed soil moisture
21 in the top 20 cm of the soil. An examination of the responses of LUE and WUE to PAR
22 under different soil moisture conditions shows that when soil water availability exceeded
23 VPD, the steppe was most efficient in light use, whereas it was less efficient in water use.
24 The multivariate analysis of variance also suggests that soil moisture availability,
25 especially water status in the upper 20-cm soil layer with dense distribution of grass roots,
26 is the most significant factor that governs GEP, WUE, and LUE. This study provides a
27 preliminary assessment of the use of available water and light by the Mongolian arid
28 steppe ecosystems under seasonally varying soil moisture conditions. A better
29 understanding of these functional responses is required to predict how climate change may
30 affect arid steppe ecosystems.

31 Citation: Li, S.-G., W. Eugster, J. Asanuma, A. Kotani, G. Davaa, D. Oyunbaatar, and M. Sugita (2008), Response of gross

32 ecosystem productivity, light use efficiency, and water use efficiency of Mongolian steppe to seasonal variations in soil moisture,

33 J. Geophys. Res., 113, XXXXXX, doi:10.1029/2006JG000349.

35 1. Introduction

36 [2] Arid and semiarid regions of the world account for
37 approximately one-third of the global land surface and play
38 a significant role in global climate, biogeochemical, and
39 hydrological processes [Schlesinger et al., 1990]. Arid and
40 semiarid environments are typically characterized by low
41 precipitation, frequent droughts, high light availability,

42nutrient-poor soils, and low vegetation cover [Schlesinger
43et al., 1990]. Under such environments, plant primary
44productivity is usually limited by deficiencies in soil mois-
45ture and nutrient availability [Noy-Meir, 1973; Webb et al.,
461983] and is largely dependent on short-term and/or long-
47term precipitation [Fischer and Turner, 1978; Le Houérou
48et al., 1988; Sala et al., 1988; Lauenroth and Sala, 1992;
49McNaughton et al., 1993; Breymeyer et al., 1996; Nicholson
50et al., 1998; Prince et al., 1998; Knapp and Smith, 2001;
51Austin and Sala, 2002; Weltzin et al., 2003; Austin et al.,
522004; Huxman et al., 2004; Schwinning et al., 2004;
53Schwinning and Sala, 2004; Potts et al., 2006].
54[3] Resource use by vegetation can be evaluated in many
55ways, including (1) light use efficiency (LUE) that describes
56the ability of the vegetation to use incident photosyntheti-
57cally active radiation (PAR) and (2) water use efficiency
58(WUE) that describes the ability of the vegetation to
59photosynthetically fix carbon per unit of water transpired.
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60 It is noteworthy that when defined with eddy covariance
61 measurements of CO2 and water vapor fluxes, WUE
62 encompasses the influences from bare soil evaporation
63 and interception evaporation as well as heterotrophic respi-
64 ration. Since LUE and WUE are tightly correlated, the
65 effects of drought stress on water use are expected to be
66 reflected in both variables. Understanding of LUE and
67 WUE by vegetation and their biotic and abiotic controls is
68 prerequisite in addressing carbon and water cycles in arid
69 and semiarid environments [Fowler, 1986; Walter, 1979;
70 Schwinning and Ehleringer, 2001; Schwinning et al., 2002;
71 Schwinning and Sala, 2004]. To date, LUE and WUE have
72 been well studied at the individual leaf scale [e.g., Collatz et
73 al., 1991; Jones, 1992; Salisbury and Ross, 1992; Jarvis,
74 1995] but less at the canopy scale [e.g., Baldocchi, 1994;
75 Rochette et al., 1996; Campbell et al., 2001; Law et al.,
76 2002; Scanlon and Albertson, 2004;Williams and Albertson,
77 2004]. At the canopy scale, research on LUE and WUE has
78 been done primarily over crop fields [e.g., Baldocchi, 1994;
79 Rochette et al., 1996; Moncrieff et al., 1997; Campbell et
80 al., 2001] and less over grassland and forest ecosystems
81 [e.g., Price and Black, 1990; Lamaud et al., 1996; Verhoef
82 et al., 1996; Dewar, 1997; Moncrieff et al., 1997; Berbigier
83 et al., 2001; Eamus et al., 2001; Law et al., 2002; Scanlon
84 and Albertson, 2004; Williams and Albertson, 2004]. Meas-
85 urements of land surface fluxes of CO2 and H2O by micro-
86 meteorological techniques, especially the eddy covariance
87 (EC) approach, provide a powerful tool for characterizing
88 canopy-scale water and light use [Ruimy et al., 1995;
89 Aubinet et al., 2000; Valentini et al., 2000; Baldocchi et
90 al., 2001; Falge et al., 2002a, 2002b; Law et al., 2002].
91 [4] The Mongolian Plateau lies in a prominent transition
92 belt (between latitudes 41.6–52.2�N and longitudes 87.6–
93 119.9�E) that borders the Gobi Desert of central Asia in the
94 south and west and the Siberian taiga forest in the north
95 [Batima and Dagvadorj, 1998]. Most of Mongolian terri-
96 tory experiences arid or semiarid climate. Steppe composes
97 over 80% (�1.3 � 106 km2) of the territory in the country
98 [World Resources Institute, 2003]. Mongolian steppe eco-
99 systems can be characterized as follows: (1) low annual
100 precipitation with large intraseasonal and interseasonal
101 variability and frequent droughts that often constrain plant
102 growth; (2) temperature limitation associated with very
103 strong temperature seasonality and severe freezing; (3)
104 sandy, nutrient-poor soils with a low–water holding capac-
105 ity; and (4) low-statured vegetation cover with a low leaf
106 area index even during the peak growing season. In these
107 ecosystems, grazing is the major anthropogenic disturbance
108 [Batima and Dagvadorj, 1998; Sneath, 1998; Sugita et al.,
109 2007]. Similar to other arid and semiarid ecosystems of the
110 world, Mongolian steppe primary productivity is dramati-
111 cally affected by water availability and is highly associated
112 with interseasonal and/or intraseasonal variability of pre-
113 cipitation [Schimel et al., 1990; Galloway and Melillo,
114 1998; Ojima et al., 1998]. It is thus expected that steppe
115 ecosystem function is sensitive to interannual and decadal
116 variability in climate [Galloway and Melillo, 1998; Chase et
117 al., 2000]. Because of the vast area they cover, the Mon-
118 golian steppe ecosystems likely play a pronounced role in
119 the global carbon and water cycles [Schimel et al., 1990;
120 Galloway and Melillo, 1998; Intergovernmental Panel on
121 Climate Change (IPCC), 2001]. Together with the Tibetan

122Plateau, the Mongolian Plateau also plays an important
123role in affecting the east Asia summer monsoon system
124[Yasunari, 2003].
125[5] Flux measurements have been recently conducted
126over grassland ecosystems in the Tibetan Plateau [e.g.,
127Kim et al., 2000; Gu et al., 2003; Kato et al., 2004].
128However, relatively little attention has been paid by the
129global flux measurement community to the Mongolian
130steppe ecosystems over the past two decades [Sugita et
131al., 2007]. To this end, measurements of energy, water
132vapor, and CO2 fluxes are being conducted over a steppe
133ecosystem in Kherlenbayan-Ulaan (KBU), Hentiy province,
134Mongolia, using the EC technique [Li et al., 2005]. One of
135the major objectives of the measurements is to investigate
136and quantify the strength of the carbon sink or source of the
137Mongolian steppe and its sensitivity to seasonal and annual
138climate variability and anthropogenic disturbances. These
139measurements therefore have implications for relating eco-
140system level dynamics of steppe vegetation properties such
141as productivity, water use, and light use capacity to climate
142change and potential anthropogenic disturbances (land use
143change) over both short and long temporal scales under
144global warming scenario [IPCC, 2001; Sugita et al., 2007].
145In addition, understanding the effects of environmental
146factors on ecosystem carbon and water exchanges is a major
147concern for politicians and economists in Mongolia to make
148policies that coordinate and harmonize interactive relations
149among land use, sustainable development, economic
150growth, and climate change.
151[6] In an earlier paper, we discussed how biotic and
152abiotic factors affect net ecosystem CO2 exchange above
153the steppe in KBU [Li et al., 2005]. We observed that the
154steppe was a weak sink for atmospheric CO2, and drought
155stress during the growing season could shift the steppe from
156a carbon sink to a carbon source, indicating the sensitivity
157of steppe functioning to water availability. In this paper, we
158extend our analyses to the patterns and processes that
159govern gross ecosystem productivity (GEP), light use, and
160water use of the steppe. The primary objectives are (1) to
161describe diurnal and seasonal dynamics of GEP, LUE, and
162WUE and (2) to investigate the influences of environmental
163and ecophysiological variables on GEP, LUE, and WUE.

1642. Materials and Methods

1652.1. Site Information

166[7] The study was conducted at a steppe in KBU (latitude
16747�12.8380N, longitude 108�44.2400E, and 1235 m above
168sea level). The climate is continental in the temperate zone
169with a mean annual air temperature (Ta) of 1.2�C and a
170mean annual precipitation (PPT) of 196 mm (1993–2002,
171the KBU Weather Station). The site receives most (88%) of
172PPT from June through September. In 2003, the mean
173annual Ta was 0.4�C, which is 0.9�C lower than the decadal
174mean, while the annual PPT was 244 mm, 24% above the
175decadal mean (Figure 1). The soil is classified as chestnut soil
176(Kastanozem), and is well drained with low–moisture hold-
177ing capacity. Its bulk density, overall porosity, and hydraulic
178conductivity in the top 30-cm layer are 1.45 g cm�3, 45%,
179and 0.01–0.08 mm s�1, respectively. In terms of biomass
180and leaf area index (LAI), about 75% of the vegetation at
181the site is dominated by temperate perennial C3 plants, e.g.,

XXXXXX LI ET AL.: STEPPE RESPONDS TO SOIL MOISTURE PULSES

2 of 13

XXXXXX



182 Stipa krylovii, Carex duriuscula, Artemisia frigida, Allium
183 mongolicum, Leymus chinensis, and Caragana microphylla.
184 Most common C4 plants include Cleistogenes squarrosa
185 (perennial grass) and Salsola collina (annual forb). The
186 steppe has experienced grazing over centuries, and the
187 decadal mean stocking rate (1984–2003) was 0.3 animal
188 unit equivalent (0.6 sheep equivalent). Since the onset of
189 market economy in the early 1990s, the level of grazing
190 intensity shows an increasing trend [Sugita et al., 2007].
191 Additionally, the grazing intensity is strongly affected by
192 dzud, a Mongolian term describing natural disaster includ-
193 ing severe summer drought (black dzud) and heavy winter
194 snowfall weather (white dzud) [United Nations Disaster
195 Management Team, 2000]. For example, 3 consecutive
196 years (1999–2001) of dzud resulted in 9% (1999–2000)
197 and 14% (2000–2001) decrease in livestock population in
198 Mongolia [National Statistical Office of Mongolia, 2003].
199 The steppe is grazed year-round primarily by domestic
200 livestock (sheep, cattle, horses, camels, and goats). During
201 the nongrowing season (November–April), the livestock
202 relies mainly on standing, dried biomass for forage, and thus
203 a dzud may considerably reduce livestock populations
204 because of shortages of forage supply. The site was
205 described in more detail by Li et al. [2005, 2006] and
206 Sugita et al. [2007].

207 2.2. Measurements

208 [8] We used an eddy covariance system to measure CO2,
209 water vapor, and energy fluxes. It consisted of a 3-D
210 ultrasonic anemometer-thermometer (SAT-550, Kaijo Sonic
211 Co., Tokyo) and an open path infrared gas analyzer
212 (LI7500, LI-COR, Inc., Lincoln, Nebraska). It monitored
213 the fluctuations in 3-D wind components, sonic tempera-
214 ture, water vapor, and CO2 concentrations at 3.5 m above
215 the ground at a rate of 10 Hz. Half-hourly flux data were
216 online computed and recorded with a data logger (CR23X,
217 Campbell Scientific, Logan, Utah). This paper used data
218 obtained during the 2003 growing season (from 23 April to
219 21 October, 182 days). The growing season was defined
220 according to phenological data from the Mongolian Institute
221 of Meteorology and Hydrology [Li et al., 2005].
222 [9] We also measured incoming and outgoing long- and
223 short-wave radiation by a net radiometer (CNR 1, Kipp &

224Zonen BV, Delft, Netherlands), air temperature and humid-
225ity at a height of 2.5 m by an air temperature/humidity
226sensor (HMP-45D, Vaisala, Inc., Helsinki, Finland), soil
227moisture profile at depths of 10, 20, 30, 70, 100, and 150 cm
228by time domain reflectometry probes (CS616, Campbell
229Scientific, Logan, Utah), and PPT by a tipping bucket
230rain gauge (CYG-52202, RM Young Co., Traverse City,
231Michigan). These variables were sampled at 0.1 Hz, and
232their 30-min mean data were logged with a CR10X data
233logger (Campbell Scientific, Logan, Utah).
234[10] LAI was measured monthly by the clipping method
235during the 2003 growing season. Quadrate size was 0.25 m2

236with 12 replications. Live leaves were removed from the
237stems for determining green LAI by a scanner (CanoScan
238LiDE 40, Canon, Tokyo) and corresponding special soft-
239ware [Yamamoto, 2000]. On each LAI measuring date,
240mean canopy height (hc) was also measured. The maximum
241LAI occurred around late August (day of year (DOY) 232)
242and reached a value near 0.6 m2 leaf m�2 ground. The mean
243hc was 12 ± 7.5 standard deviation cm measured in early
244July of 2003. The maximum hc reached 45 cm (mean hc, 20 ±
24512 cm standard deviation) when Stipa krylovii was at its
246earing growth stage (late July to early August). LAI gaps
247were linearly interpolated to daily intervals.

2482.3. Data Processing

249[11] Flux data postprocessing includes the cospectral
250correction for CO2 and water vapor fluxes [Eugster and
251Senn, 1995], the correction for the density flux effect [Webb
252et al., 1980], and data gap filling [Falge et al., 2001].
253Details for flux calculation have been described by Li et al.
254[2005, 2006].
255[12] GEP was indirectly estimated from

GEP ¼ Reco � NEE; ð1Þ

257where NEE is net ecosystem CO2 exchange and Reco is total
258ecosystem respiration. NEE was measured by the EC
259method. Nighttime Reco during low turbulence (friction
260velocity (u*) < 0.2 m s�1) and daytime Reco were estimated
261using exponential relationships between nighttime NEE
262obtained under high turbulence (u* � 0.2 m s�1) and Ta at
2632.5 m [Li et al., 2005].
264[13] Ecosystem LUE (mmol CO2 mol�1 PAR) can be
265directly defined as the ratio of GEP to absorbed PAR
266[Turner et al., 2003]. Because we did not measure absorbed
267PAR, as a surrogate, we used incident PAR, which was
268computed directly from the measured short-wave solar
269radiation (Kd): PAR (mmol photons m�2 s�1) = 2.16 �
270Kd (W m�2) [Weiss and Norman, 1985]. This will under-
271estimate LUE. Since the surface reflectivity (albedo) for
272short-wave radiation (aK) varied roughly from 0.15 to 0.25,
273therefore this underestimation of LUE ranges from 15 to
27425%. The aK is defined as the ratio of reflected short-wave
275radiation (Ku) to Kd (aK = Ku/Kd). The aK values were
276averaged over daytime 30-min data when Kd > 200 W m�2

277to minimize the effect of low solar angles [Monteith and
278Unsworth, 1990].
279[14] Carbon and water fluxes are key aspects of ecosys-
280tem functions. Their relationship can be depicted by water
281use efficiency [Jones, 1992]. At the scale of the leaf, WUE
282is defined as the ratio of net assimilation of CO2 by

Figure 1. Mean monthly air temperature (Ta) and mean
annual precipitation (PPT) at the Kherlenbayan-Ulaan
Weather Station.
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283 photosynthesis to transpiration [Rosenberg et al., 1983;
284 Jones, 1992]. However, it is not possible to isolate canopy
285 photosynthesis and transpiration from the aggregate ecosys-
286 tem fluxes that are measured with the EC method. Therefore
287 at the scale of the canopy, we defined ecosystem WUE as
288 photosynthetic carbon gain (GEP) per unit of evapotranspir-
289 ative water loss from land surface (ET) (mmol CO2 mol�1

290 H2O) [Baldocchi, 1994; Law et al., 2002]. Only data obtained
291 when PAR > 500 mmol m�2 s�1 were used in our analysis of
292 daily courses of LUE and WUE to minimize the effect of
293 low PAR on ET and WUE [Baldocchi et al., 1985a]. Daily
294 values of LUE and WUE were computed from daily sums of
295 GEP, PAR, and ET.
296 [15] Canopy surface conductance can be estimated by
297 inverting the Penman-Monteith equation [Priestley and
298 Taylor, 1972; Stewart, 1988] after having derived the
299 aerodynamic conductance from wind data [Thom, 1972].

1

gc
¼ rCPVPD

glE
þ

s
g

H
lE � 1

ga
; ð2Þ

301 where gc is the bulk canopy surface conductance (m s�1), r
302 is the air density (kg m�3) at a given air temperature,CP is the
303 specific heat capacity of air at constant pressure (J kg�1 K�1),
304 VPD is the atmospheric vapor pressure deficit (kPa), H is
305 the sensible heat flux (W m�2), lE is the latent heat flux
306 (W m�2), s is the slope of the saturation water vapour
307 pressure versus temperature curve (kPa K�1), g is the
308 psychrometric constant (kPa K�1), and ga is the aerodynamic
309 conductance (m s�1). For more details on computing gc, see
310 Li et al. [2006].
311 [16] The statistical analyses were employed by using Data
312 Desk (Data Description, Inc., Ithaca, New York). A standard
313 simple linear regression technique was used to determine
314 the linear relationship between two variables (e.g., GEP
315 versus PAR) (sections 3.3, 3.4, and 3.5). Although each
316 specific factor is important in influencing GEP, WUE, and
317 LUE, our question was rather to find out which combination
318 of factors explains most of the variance. To answer this
319 question, we first compiled biotic (LAI and gc) and abiotic
320 (PAR, Ta, VPD, aK, PPT, and SWC at 10 cm and SWC at
321 20 cm) factors as group variables by bin separation and then
322 used a multivariate analysis of variance with daily resolu-
323 tion data (section 3.6).

325 3. Results and Discussion

326 3.1. Seasonal Variation of GEP, LUE, and WUE

327 [17] During the growing season (DOY 113–294), daily
328 PAR ranged roughly between 5.4 MJ m�2 d�1 (DOY 249)
329 and 68.1 MJ m�2 d�1 (DOY 249), and daily Ta varied from
330 �5.4�C (DOY 283) to 24.1�C (DOY 193) (Figure 2a). The
331 PPT total during the growing seasonwas 231mm (Figure 2b),
332 24% above the multiyear average (187 mm) for the same
333 period. Above-average PPT was mainly observed in May,
334 June, and September, while July and August totaled
335 below-average PPT (Figure 2b) and thus can be considered
336 to be affected by drought. In detail, there were twelve PPT
337 events exceeding 5 mm that considerably affected soil
338 water content (SWC) (Figure 2b). This effect was most
339 pronounced in the top 10-cm soil layer, whereas the 20-cm
340 and 30-cm layers only showed a quick response during

341event 10. SWC varied by 13.6% (6.4–20.0%) at 10 cm,
3426.4% (3.6–10.0%) at 20 cm, and 5.7% (2.8–8.4%) at
34330 cm, respectively. SWC below 30 cm depth (70–150
344cm) varied by less than 1% over the growing season.
345[18] The seasonal course of GEP does not perfectly
346follow the leaf area index (Figure 2c), demonstrating the
347important influence of drought periods in this steppe eco-
348system. In the early growing season, GEP increased almost
349linearly with LAI from late April until July when the highest
350values (usually over 100 CO2 mmol m�2 d�1) were reached
351(Figure 2c). A drought period in August (DOY 210–225,
352SWC < 9% on average) (Figure 2b) caused GEP to decrease
353substantially as compared to July values (Figure 2c). Then
354GEP recovered quickly and yielded relatively high values
355again in September after drought conditions had ended
356thanks to a large PPT event (21.6 mm, DOY 232) in late
357August. This recovery of the steppe vegetation is notewor-
358thy because the onset of senescence coincided with that
359period. In October (DOY 274–294), the steppe underwent
360rapid physiological changes, and photosynthesis further
361declined because of the combined negative effects of low
362PAR, low Ta, and low LAI.
363[19] On a daily basis, LUE values ranged from 0 to 7.0
364(mean 2.1) mmol CO2 mol�1 PAR (Figure 2d). The mean
365LUE for the steppe is similar to that (0.3–3.8 mmol CO2

366mol�1 PAR) for Serpentine grassland in California with LAI
367of 1–1.5 [Valentini et al., 1995] and lower than that for an
368alpine meadow (8–18 mmol CO2 mol�1 PAR) on the
369Qinghai-Tibetan Plateau [Kato et al., 2004]. Low LUE
370values reflect the low vegetation cover and the relatively
371large fraction of uncovered bare soil [Hunt et al., 2002].
372However, broad ecosystem comparisons are difficult because
373various methods are used to express LUE in the literature.
374[20] On a daily basis, WUE ranged from 0 to 8.1 (mean
3752.2) mmol CO2 mol�1 H2O (Figure 2d). WUE for the
376Mongolian steppe agrees well with that (varying from 2
377to 6 mmol CO2 mol�1 H2O) for the alpine meadow on the
378Qinghai-Tibetan Plateau [Gu et al., 2003; Kato et al., 2004]
379but is considerably higher than that (the maximum WUE of
3801.7 mmol CO2 mol�1 H2O) for tussock grassland in New
381Zealand [Hunt et al., 2002] and is lower than that for the
382C4-dominant grassland (3.0–6.0 mmol CO2 mol�1 H2O)
383[Ham et al., 1995; Colello et al., 1998]. Observations in
384tussock grassland in New Zealand demonstrate that lower
385WUE values were associated with a combination of a large
386soil surface area exposed to radiation, high soil temper-
387atures, high mean wind speeds, and low LAI [Hunt et al.,
3882002].
389[21] In most occasions, rain increased productivity of the
390steppe (Figure 2c), but WUE otherwise decreased immedi-
391ately after the rain (Figure 2d), showing a larger initial
392response of ET to wetting compared to the response of
393productivity. This is because of low–water holding capacity
394of the steppe soil with scarce vegetation cover that led to
395rapid depletion of SWC mainly through bare soil evapora-
396tion, which started immediately after the rain. It therefore
397suggests that if rain intensity is comparatively high or if
398rain-free periods are too short the rain received by the scarce
399steppe vegetation cover might not be fully biologically
400effective and partially only increase surface evaporation. It
401also suggests that a physiological interpretation of the
402canopy-scale WUE is misleading at least while bare soil
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403 evaporation is a substantial contributor to ET. Confounding
404 effect of the bare soil evaporation on WUE deserves further
405 clarification in the future.

406 3.2. Diurnal Courses of GEP, LUE, and WUE

407 [22] Figure 3 illustrates monthly averaged daytime
408 courses of GEP, LUE, WUE, PAR, Ta, and VPD. Daytime
409 amplitude of GEP varied substantially within the growing
410 season with typical daytime peak GEP values ranging from
411 0.5 mmol CO2 m�2 s�1 in May to 5.0mmol CO2m

�2 s�1 in
412 July (Figure 3a). GEP was larger in the morning than in the
413 afternoon. Both lower Ta and lower VPD in the morning
414 stimulated carbon uptake, whereas in the afternoon higher Ta

415increased carbon loss by ecosystem respiration [Li et al.,
4162005]. Simultaneously, the higher afternoon VPD values
417exceeding 1 kPa in all months might result in partial
418closure of the stomata and thus reduce carbon assimilation
419(Figure 3f). Both LUE and WUE were higher in the early
420morning, declined with time until noon, and then increased
421slightly with the decrease of PAR, Ta, and VPD in the late
422afternoon (Figures 3b, 3d, 3e, and 3f). The inverse relation-
423ship between WUE and VPD is theoretically based [Tanner
424and Sinclair, 1983; Sinclair et al., 1984] and has been
425observed for other ecosystems (e.g., for crops [Tanner and
426Sinclair, 1983; Monteith, 1986; Baldocchi, 1994], for grass-
427lands [Verma et al., 1992; Verhoef et al., 1996; Moncrieff et

Figure 2. The time series of (a) photosynthetically active radiation (PAR) and Ta at 2.5 m, (b) soil water
content (SWC) at depths of 10 and 20 cm and PPT, (c) gross ecosystem productivity (GEP) and leaf area
index (LAI), and (d) light use efficiency (LUE) and water use efficiency (WUE) during the growing
season (days of year 113–294). Circles in Figures 2b, 2c, and 2d indicate abrupt soil moisture change due
to recent rain events. Numbers in Figure 2b indicate PPT size over 5 mm.
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428 al., 1997], and for forests [Baldocchi and Harley, 1995;
429 Lindroth and Cienciala, 1995]). WUE is also found to be
430 sensitive to lower levels of PAR [Baldocchi et al., 1985b;
431 Freedman et al., 2001; Law et al., 2002]. The higher LUE in
432 early morning and in late afternoon is most likely related to
433 solar elevation angle and thus to the increase of relative share
434 of diffuse radiation [Jarvis et al., 1985; Norman and Arke-
435 bauer, 1991; Rochette et al., 1996; Anderson et al., 2000;
436 Freedman et al., 2001; Roderick et al., 2001;Gu et al., 2002;
437 Law et al., 2002]. Both LUE (Figure 3c) and WUE (Figure
438 3e) were lowest in May and June when the vegetation was
439 still in its early seasonal development stage. LUE was largest
440 in July and in phase with highest GEP, whereas we did not
441 find any significant difference inWUE between July, August,
442 and September (Figures 3c and 3e).
443 [23] The 30-min maximum GEP value for the steppe was
444 5.0 mmol CO2 m�2 s�1 in July (LAI = 0.46, Ta = 19.4�C,
445 and SWC = 14.7% at 10 cm depth on the monthly average),
446 which was considerably lower than those (27.5 mmol CO2

447 m�2 s�1 in 1 wet year and 8.6–12.9 mmol CO2 m
�2 s�1 in 2

448 dry years) for a moist mixed northern temperate grassland in
449 Canada at the same latitude and with similar LAI (0.4–0.9)
450 [Flanagan et al., 2002]. Daytime 30-min mean values of

451LUE ranged from 0.3 (May) to 3.4 (July) mmol CO2 mol�1

452PAR with the midday (1200–1600) values varying from 0.2
453(May) to 2.6 (July) mmol CO2 mol�1 PAR. Daytime 30-min
454mean values of WUE ranged from 0.6 (May) to 2.2
455(August) mmol CO2 mol�1 H2O with the midday (1200–
4561600) values of WUE varied from 0.4 (May) to 2.0
457(September) mmol CO2 mol�1 H2O. Daytime WUE values
458are close to those of sandy millet (0.8–3.3 mmol CO2

459mol�1 H2O) and savannah fallow bush (0.2–2.0 mmol CO2

460mol�1 H2O) in Niger [Moncrieff et al., 1997]. Midday WUE
461value (2.0 mmol CO2 mol�1 H2O) observed in the peak
462growth period compares well with values reported for a
463soybean crop [Zur and Jones, 1984] but is much lower than
464those (6.5 mmol CO2 mol�1 H2O) of a well-watered corn
465field [Sinclair et al., 1975; Reicosky, 1990], of wheat and
466corn fields (2.0–6.1 mmol CO2 mol�1 H2O) [Baldocchi,
4671994], and of Sahelian savanna (2.0–18.4 mmol CO2

468mol�1 H2O) [Verhoef et al., 1996]. The Mongolian steppe
469vegetation grows under dry and cold climate conditions.
470Therefore characteristics of the productivity and use of
471available water and light by the steppe might reflect climate
472impact to some extent.

Figure 3. Monthly averaged daytime courses of (a) GEP, (b) PAR, (c) LUE, (d) Ta at 2.5 m, (e) WUE,
and (f) vapor pressure deficit. Time of day is Mongolian Light-Saving Standard Time.
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473 3.3. GEP-PAR and GEP-ET Relationships

474 [24] The relationship between daily GEP and incident
475 PAR is examined with respect to SWC at 10 cm depth by
476 grouping the data into three SWC classes (SWC 
 10%, 10
477 < SWC 
 15%, and SWC > 15%) (Figure 4). The group
478 boundaries are not very firm and are primarily based on the
479 experience that steppe productivity was water limited when
480 SWC was below 10% and was not subject to any water
481 stress when SWC was over 15% [Ludlow, 1989; Bolger et
482 al., 2005; Li et al., 2005]. Variation in daily averaged PAR
483 explained only a small fraction (�4%) of GEP variation
484 over the course of the growing season; segregating by SWC
485 level did little to improve this relation (Figure 4 and
486 Table S2a of the auxiliary material).1 GEP exhibited a
487 much stronger correlation with LAI (Figure 2c) [Li et al.,
488 2005] and with air temperature than with daily light levels
489 (Figure S1 of the auxiliary material), suggesting that
490 seasonal phenology may be more important than light or
491 water content at this timescale. We did not examine how
492 PAR and SWC affect GEP at shorter timescales, but we
493 hypothesize that if phenology were accounted for, GEP
494 would show a stronger dependence on PAR and that the
495 effects of changes in SWC on the slope of GEP with PAR
496 might then be discernible (Figure 4). It has been reported in
497 literature that there is a linear response of GEP to PAR for
498 crops and grassland [Ruimy et al., 1995; Turner et al.,
499 2003]. However, under cold and dry climate conditions in
500 Mongolia, light alone may be a fairly good predictor of
501 gross primary product up to about a monthly timescale, but
502 unless phenology is accounted for, light is a poor predictor
503 at longer timescales, and the effects of changes in SWC will
504 be difficult to discern [Turner et al., 2003; Urbanski et al.,
505 2007].

506[25] GEP and ET were significantly correlated (P < 0.001
507for SWC 
 10% and 10 < SWC 
 15%, and P < 0.005 for
508SWC > 15%, respectively) (Figure 5). Regardless of soil
509moisture conditions, GEP increased with increasing ET.
510Similar linear relationships exist across various biome types
511[Law et al., 2002]. Generally, the slope between changes in
512GEP and ET is also a measure of WUE [Law et al., 2002].
513Our observation shows that the slope, a surrogate of WUE,
514declined with increasing SWC (Figure 5). For example, the
515slope at SWC > 15% was only half of that at SWC < 10%,
516suggesting that a large increase in soil moisture, after a
517substantial rain event, could not be efficiently used for
518taking up carbon from the atmosphere but rather returned
519rapidly to the atmosphere through soil evaporation. Hence
520the rain received might not always be biologically effective
521for a scarce vegetation cover such as the steppe in our study.

5223.4. Biological and Environmental Constraints on LUE
523and WUE

524[26] It is well known that GEP of any biome depends on
525LAI, length of the growing season, environmental condi-
526tions, and physiological performance in some way [Ruimy
527et al., 1995; Moncrieff et al., 1997; Falge et al., 2002a,
5282002b; Law et al., 2002]. However, there is no universal
529function that relates LUE and WUE to these factors. To
530quantify these relationships for the steppe, we plotted daily
531LUE against daily values of LAI, Ta, SWC, and aK in
532Figure 6.
533[27] LAI had a significant effect on LUE (P < 0.001)
534(Figure 6a). At lower LAI, for the same PAR, GEP is low so
535LUE is low. Such a linear response of LUE to LAI is also
536reported for observations from crops [Horie and Sakuratani,
5371985; Sinclair and Horie, 1989]. On a daily basis, LUE
538increased significantly with increasing Ta (P < 0.005)
539(Figure 6b), indicating that the steppe vegetation is gener-
540ally below its photosynthetically optimal temperatures and
541in the temperature range with no signs of a combination of
542drought stress and heat stress. LUE shows a clear response
543to SWC, being significantly higher under well water con-
544ditions (P < 0.001) (Figure 6c). Other studies of LUE in
545grassland ecosystems have reported similar trends of
546drought-induced decline in LUE [Bremer and Ham, 1999;
547Nouvellon et al., 2000; Hunt et al., 2002; Turner et al.,
5482003]. We observed that LUE decreased considerably with
549the increase in aK (P < 0.001) (Figure 6d). The strong
550dependence of LUE on Ta and SWC, especially in cold and
551dry climates like the Mongolian Plateau, has also been
552reported in literature [e.g., Potter et al., 1999].
553[28] WUE decreased with increasing Ta (P < 0.05) and
554SWC (P < 0.05) but increased with increasing aK (P <
5550.01). Obviously, the control of Ta, SWC, and aK over LUE
556was much stronger than over WUE (Figure S2 and Table S3
557of the auxiliary material). On a daily basis, both LUE and
558WUE were not significantly correlated with VPD (P > 0.5)
559(data not shown).

5603.5. LUE and WUE and Canopy Conductance as a
561Function of PAR

562[29] Both water vapor and carbon dioxide exchange
563between the atmosphere and the canopy are strongly
564dependent on canopy surface conductance (gc) [Jarvis and
565McNaughton, 1986; Baldocchi et al., 1991, 2004; Collatz et

Figure 4. Relationship between daily GEP and incident
PAR. Data are compiled with respect to SWC at 10 cm
depth and linearly fitted (see Table S2a of the auxiliary
material).

1Auxiliary materials are available in the HTML. doi:10.1029/
2006JG000349.
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566 al., 1991; McNaughton and Jarvis, 1991; Schulze et al.,
567 1995]. Through stomata, plants have the ability to regulate
568 the cost-benefit relationship between carbon gains and water
569 losses. Hence understanding the nature of the LUE-gc and
570 WUE-gc relationships is important for revealing biophysical
571 controls over this relationship.
572 [30] Since both PAR and soil moisture availability affect
573 gc and thus water vapor and carbon dioxide exchange

574[Jarvis, 1976; Baldocchi et al., 1991; McNaughton and
575Jarvis, 1991; Sellers et al., 1997], stomatal control over
576LUE and WUE should be considered together with the
577effects from both PAR and SWC. For this purpose, we
578stratified the 30-min daytime data of LUE, WUE, and gc
579(PAR > 500 mmol m�2 s�1) again into three SWC groups
580(SWC 
 10%, 10% < SWC 
 15%, and SWC > 15%).
581Within each group, the 30-min data were further subdivided
582by PAR into 100 mmol m�2 s�1 increments ranging from
583500 to 2200 mmol m�2 s�1. The data were bin averaged for
584each PAR subgroup (Figure 7). Although this data stratifi-
585cation may decrease the precision and ability to mirror
586refined differences in the gc effect on LUE and WUE, it
587is an appropriate approach for offsetting the errors in
588association with the flux measurements [Falge et al., 2001].
589[31] Regardless of soil moisture conditions, both LUE
590and WUE decreased with increasing PAR (Figures 7a and
5917b), suggesting that the steppe used light and water more
592efficiently at lower levels of PAR when stomata were
593largely open (Figure 7c). This suggests that low levels of
594light are sufficient for maintaining high productivity. The
595response of gc to PAR also strongly depended on soil
596moisture conditions (Figure 7c). When SWC was <15%,
597the dependence of gc on PAR shows a negative relationship;
598whereas gc appeared to be conservative with relatively
599higher values and showed a slight increase with increasing
600PAR when SWC was >15% (Figure 7c). It has been
601documented that LUE is conservative for a given vegetation
602type when there is no environmental stress [Jones, 1992;
603Potter et al., 1993; Baldocchi, 1994; Ruimy et al., 1994].
604However, at our site, this is clearly not the case.

Figure 5. The relationship between daily GEP and ET.
Data are compiled with respect to SWC at 10 cm depth and
are linearly fitted (see Table S2b of the auxiliary material).

Figure 6. The relationships of LUE versus (a) LAI, (b) Ta, (c) SWC at 10 cm, and (d) surface
reflectivity (albedo) for short-wave radiation (aK). The data are daily average values and are linearly
fitted (see Table S2c of the auxiliary material).
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605 [32] The LUE-gc and WUE-gc relationships were also
606 affected by soil moisture conditions (Figure 8). When SWC
607 was <15%, both LUE and WUE were positively related to
608 gc, whereas when SWC was >15%, their dependence on gc
609 shows a negative relationship. This suggests that when soil
610 moisture is plentiful because of the influence of the bare soil
611 evaporation on gc, a higher gc does not necessarily enhance
612 LUE and WUE.

613 3.6. Primary Controlling Factors of GEP, LUE, and
614 WUE

615 [33] Overall, our analyses suggest that GEP, WUE, and
616 LUE respond differently to environmental factors. The
617 scatter in these response models (Figures 4, 5, 6, and 7)
618 illustrates the complication of or the interaction among

619various environmental factors. This analysis shows that
620the major factors affecting GEP include SWC at 20 cm (P
621< 0.001), SWC at 10 cm (P < 0.01), gc (P < 0.05), and aK

622(P < 0.05) (Table 1). There was only one highly significant
623factor (SWC at 20 cm) (P < 0.001), together with two
624marginally significant factors of PPT (P < 0.1) and aK (P <
6250.1), affecting WUE. This suggests that mechanisms that
626govern water use by the steppe vegetation are more complex
627than what bivariate analyses could assess. LUE was influ-
628enced mostly by SWC at 20 cm (P < 0.001), aK (P < 0.001),
629SWC at 10 cm (P < 0.01), gc (P < 0.05), and PPT (P <
6300.05), very similar to what was found for GEP (Table 1).
631The multivariate analysis of variance provides further evi-
632dence that in terms of GEP, WUE and LUE the functioning
633of the Mongolian steppe ecosystem is mitigated by available
634water supply, especially from the top 20-cm layer soil.
635

6364. Conclusions

637[34] We explored gross ecosystem productivity and light
638and water use of an arid steppe in central Mongolia. Among
639other factors, soil moisture availability, especially at the top

Figure 7. The responses of (a) LUE, (b) WUE, and (c)
bulk canopy surface conductance (gc) to incident PAR under
various SWC conditions. The points are PAR bin averages
of 30-min data with the bin size of 100 mmol m�2 s�1.
Vertical bars represent ±1 SE. The data are linearly fitted
(see Table S2d of the auxiliary material).

Figure 8. The responses of (a) LUE and (b) WUE to gc
under various SWC conditions. Data are PAR bin averaged
with the bin size of 100 mmol m�2 s�1. Vertical bars
represent ±1 SE. The data are linearly fitted, and arrows
indicate increasing trend of PAR (see Table S2e of the
auxiliary material).
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640 20 cm, which is strongly affected by recent rains, is
641 important in controlling GEP, LUE, and WUE of the steppe.
642 Irrespective of soil moisture conditions, both LUE and
643 WUE decreased with the increase in PAR. In addition,
644 LUE for this ecosystem was comparatively low because
645 of low LAI. Interpretation of the variability of WUE is
646 confounded by the bare surface evaporation, which might
647 contribute greatly to ET since the steppe under study has
648 low vegetation cover. However, with flux measurements
649 from one growing season only, the statistical coverage of
650 the effect of rain-fed soil moisture on GEP, WUE, and LUE
651 is not yet perfectly satisfactory. It is known that grassland
652 productivity is strongly affected by year-to-year variation of
653 precipitation [Sala et al., 1988; Austin et al., 2004; Huxman

654et al., 2004; Schwinning and Sala, 2004; Potts et al., 2006].
655Thus more and longer-term studies are needed to assess the
656degree of interannual variability in GEP, WUE, and LUE
657responding to this wide variation in environmental condi-
658tions.
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t1.1 Table 1. Multivariate Analysis of Variance for GEP, WUE and LUE on the Daily Basisa

Source DF SS MS F Pt1.2

GEPt1.3
Constantb 1 1.1 � 106 1.1 � 106 1095.5 
0.0001t1.4
LAI 5 9207.63 1841.53 1.834 0.1138t1.5
PAR 5 1898.76 379.751 0.3782 0.8625t1.6
Ta 12 13207.6 1100.63 1.0961 0.3728t1.7
VPDc 5 13193 2638.6 2.6278 0.0287t1.8
PPT 4 4592.12 1148.03 1.1433 0.3411t1.9
SWC10

d 11 34233.2 3112.11 3.0994 0.0014t1.10
SWC20

b 6 63480.6 10580.1 10.537 
0.0001t1.11
aK

c 5 14606 2921.2 2.9093 0.0174t1.12
gc

d 4 17424.1 4356.02 4.3382 0.0029t1.13
Error 93 93381.7 1004.1t1.14
Total 150 575474t1.15

t1.16
WUEt1.17

Constantb 1 844.596 844.596 479.85 
0.0001t1.18
LAI 5 3.80684 0.761367 0.43256 0.8248t1.19
PAR 5 9.93645 1.98729 1.1291 0.3505t1.20
Ta 12 28.2908 2.35756 1.3394 0.2101t1.21
VPD 5 3.55851 0.711702 0.40435 0.8447t1.22
PPTe 4 16.8607 4.21517 2.3948 0.0560t1.23
SWC10 11 27.9137 2.53761 1.4417 0.1677t1.24
SWC20

b 6 44.9856 7.4976 4.2597 0.0008t1.25
aK

e 5 17.9501 3.59002 2.0396 0.0802t1.26
gc 4 0.817799 0.20445 0.11616 0.9765t1.27
Error 93 163.692 1.76013t1.28
Total 150 384.124t1.29

t1.30
LUEt1.31

Constantb 1 581.437 581.437 1210.3 
0.0001t1.32
LAI 5 3.29717 0.659435 1.3727 0.2417t1.33
PAR 5 1.41167 0.282334 0.58772 0.7093t1.34
Ta 12 9.29354 0.774462 1.6121 0.1015t1.35
VPD 5 3.50642 0.701283 1.4598 0.2105t1.36
PPTc 4 5.68382 1.42096 2.9579 0.0238t1.37
SWC10

d 11 15.9843 1.45311 3.0249 0.0017t1.38
SWC20

b 6 20.6757 3.44595 7.1732 
0.0001t1.39
aK

b 5 13.6846 2.73693 5.6973 0.0001t1.40
gc

c 4 5.75011 1.43753 2.9924 0.0226t1.41
Error 93 44.6764 0.480391t1.42
Total 150 258.263t1.43

aDF, degree of freedom; SS, sum of squares; MS, mean square; F, statistical test; P, probability; SWC10, soil water content at 10 cm depth, %; SWC20,
soil water content at 20 cm depth, %. The biotic (LAI and gc) and abiotic (PAR, Ta, VPD, aK, PPT, SWC10 and SWC20) factors are taken as group variables
by bin separation. Bin width is 0.1 for LAI, 1 mm s–1 for gc, 10 mol m–2 d – 1 for PAR, 2�C for Ta, 0.25 kPa for VPD, 0.02 for aK, and 1% for SWC,
respectively. PPT was grouped into five classes (PPT < 0.1, 0.1 
 PPT 
 0.5, 0.5 < PPT 
 1, 1 < PPT 
 5, and PPT > 5 mm).t1.44

bP < 0.001.
cP < 0.05.
dP < 0.01.
eP < 0.1.
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10258092, Zürich, Switzerland. (werner.eugster@ipw.agrl.ethz.ch)
1026S.-G. Li, Institute of Geographical Sciences and Natural Resources
1027Research, Chinese Academy of Sciences, Beijing 100101, China.
1028(shengon_lee@yahoo.co.jp)

XXXXXX LI ET AL.: STEPPE RESPONDS TO SOIL MOISTURE PULSES

13 of 13

XXXXXX


