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Abstract Few studies have been performed on the

importance of nutrient availability for plant produc-

tivity at\200 mm annual precipitation and available

meta-analyses have produced contradicting results.

Here, we present data from a 3-year experiment on the

effects of NPK-fertilisation under ambient precipita-

tion in dry Central Asian steppes. The study site had an

annual mean precipitation of ca. 160 mm and repre-

sented an intensively grazed montane desert steppe.

One year of NPK-fertilisation at levels equivalent to

10 and 20 gN/m2 (100 and 200 kg/ha) increased

above-ground mean standing crop in a moist year to

1130 and 1490 kg dry mass/ha, respectively, com-

pared to the 615 kg/ha from the control. The absolute

increase was smaller in subsequent drier years, but the

crop again more than doubled under fertilisation. The

effects were most pronounced for the main fodder

plants Agropyron cristatum and Allium polyrrhizum,

which benefited from fertilisation more than other less

palatable species. Both species also showed increased

levels of foliar N. Fertilisation enhanced flowering

activity on the community level, and soil analyses

revealed that nutrients accumulate in the soil. Effects

are therefore expected to be long lasting. Our results

imply that nutrient shortage may co-limit plant growth

at well below 200 mm annual precipitation. Consid-

ering that predominantly nomadic land use is known to

result in nutrient withdrawal, our data raise concerns of

a largely unnoticed potential pathway to pasture

degradation.
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Introduction

Availability of soil nitrogen and phosphorus is among

the most important and widespread constraints for

plant productivity (Elser et al. 2007; LeBauer and

Treseder 2008). Evidence is less clear for drylands,

which cover [30% of the terrestrial land surface

(White et al. 2000). The relative importance of water

versus nutrient limitation may change along the

precipitation gradient (Breman and De Wit 1983),

and a recent meta-analysis by Xia and Wan (2008)

inferred that ecosystem productivity shows less
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pronounced responses to nitrogen addition under dry

conditions. This is in contrast to other reviews that

describe strong responses even in dry regions

(Hooper and Johnson 1999; LeBauer and Treseder

2008). Recent studies from a number of drylands also

suggest that nitrogen and phosphorus (less commonly

assessed) may co-limit plant growth at well below

300 mm mean annual precipitation (Harpole et al.

2007; James et al. 2005). However, general infer-

ences suffer from the lack of studies conducted under

very low precipitation levels (\200 mm).

Data for Central Asia, with [4 Mio km2 of dry

rangelands, are particularly scarce. As a consequence,

nutrient limitations can hardly be considered in

regional climate change models (Christensen et al.

2004; Zheng et al. 2006). Nutrient limitation may

increase as a consequence of local land use, which is

still based on nomadic pastoralism, especially in

Mongolia. Transect studies along grazing gradients

have provided evidence for livestock-mediated trans-

location of nitrogen and phosphorus towards wells or

herders’ camps (Fernandez-Gimenez and Allen-Diaz

2001; Holst et al. 2007; Knopf et al. 2005; Stumpp

et al. 2005). The withdrawal of nutrients from the

surrounding steppes is aggravated by the practice of

dung collection, which is still the main source of

domestic fuel for Mongolian herders. This leads to

concerns about deteriorating rangeland health and

declining productivity. Along with effects on pro-

ductivity, plant community composition may also be

sensitive to shifts in nutrient availability. Observa-

tional studies found that the abundance and biomass

productivity of palatable plants differ with nitrogen

and phosphorus contents of the soils (Breymeyer and

Klimek 1983; Weiner et al. 1982; Wesche et al. 2007;

Wesche et al. accepted).

Among the few available experiments on nutrient

limitation in dry Central Asia is a study by Slemnev

et al. (2004), who applied nitrogen fertiliser in dry

Stipa gobica steppes and found an increase in produc-

tivity. In this case, plots received additional irrigation.

Fertilisation effects were tested in northern Chinese

grasslands which receive[300 mm rain (e.g. Liu et al.

2007a; Pan et al. 2005), and Xiao et al. (2007) inferred

nutrient limitation from a litter addition experiment. In

an ongoing study, Kinugasa et al. (2008) applied low

levels of nitrogen in Central Mongolia, but no signif-

icant effects were observed. We thus performed a

replicated fertilisation experiment under ambient

precipitation levels of\200 mm on the desert steppes

of southern Mongolia. This study represents a rather

general approach, because hardly any reference data

were available on the main limiting elements or on

appropriate levels of fertilisation. We used compound

fertiliser with NPK and micronutrients. Nitrogen and

phosphorus were thus jointly applied, as they were

indeed found to be co-limiting in most of the globe’s

biomes (Elser et al. 2007). Available Central Asian

data indicate high N/P ratios in plant tissues, which

may be indicative of phosphorus limitation (Güsewell

2004; He et al. 2008). Soil potassium levels in contrast

are generally high at the study site and unlikely to

constrain plant growth (Wesche et al. 2007). Annual

variability of precipitation is high in southern Mongo-

lia, and this strongly affects biomass productivity

(Munkhtsetseg et al. 2007). Plant reproduction in

southern Mongolia is also dependant on water avail-

ability (Ronnenberg et al. 2008). Hence, experiments

on plant performance and biomass productivity under

ambient conditions should cover several years to assess

whether results are representative.

Specifically, we asked the following questions:

(1) Are soil nutrient contents positively affected by

NPK-fertilisation? (2) Does fertilisation affect plant

community composition? Which species show the

strongest response? (3) Does above-ground plant

growth and flowering activity benefit from fertilisa-

tion? Can effects be observed over years with

different precipitation levels? (4) Is plant nutrient

content also influenced by nutrient availability?

Methods

Study area

The study was performed in the Gobi Gurvan Saykhan

National Park in southern Mongolia, which is almost

completely subjected to traditional land use by

nomadic pastoralists despite its protection status

(Bedunah and Schmidt 2004). Precipitation falls almost

exclusively in summer, and mountains that cover

around 30% of the park’s surface receive more

precipitation than the lowlands, resulting in a vertical

zonation of vegetation belts (Wesche et al. 2005). The

interannual variation is pronounced (coefficient of

variation[30%, Retzer 2004), and this is also indicated

by short-term measurements at our study site (Table 1).
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The study site is located on the upper pediments of

the Dund Saykhan (43�36.9490N, 103�46.4500E,

2300 m a.s.l.). Its montane desert steppes are mainly

constituted by Agropyron cristatum, Allium poly-

rrhizum, Artemisia frigida, Stipa krylovii and S. gobica.

The site represents a semi-arid environment, and soil

water movement is largely directed upwards, so

cations tend to accumulate in the topsoil, which is

shown by relatively high pH-values and high levels of

calcium (Table 2).

Fieldwork

A transect study from the study region revealed that

topsoils around permanently used water sources

(wells) showed considerably higher concentrations

of soil nitrogen and phosphorus than normal steppe

grasslands 750–1500 m away (Stumpp et al. 2005).

Mean total topsoil (upper 10 cm) N concentrations

around the wells were 3.7 g/kg ± 0.4 s.e. at the 50 m

piosphere and only 2.6 g/kg ± 0.5 s.e. at 750 m

distance, while figures for mean lactate-exchangeable

P were 0.081 g/kg ± 0.008 s.e. and 0.042 ± 0.007 g/kg,

respectively. At a given mean soil bulk density of

1.4 g/cm3 (Ronnenberg unpubl.), these figures trans-

late to average levels of ca. 160 g/m2 of Ntotal, and an

equivalent of ca. 5.3 g/m2 of exchangeable P in the

topsoil that had been translocated by livestock. We

opted for relatively high levels of fertilisation at 10 g/m2

and 20 g/m2 of N (3.3 and 6.6 g/m2 of P) per year,

which is comparable with levels applied in a number

of studies in dry regions (Gutierrez et al. 1988; Liu

et al. 2007b; Pan et al. 2005; Paschke et al. 2000). The

NP ratio of the fertiliser was thus narrower than the

presumed NP ratio of the translocated nutrients, but

because we had no data on plant exchangeable N

along the transects, data are not directly comparable.

We used NPK fertiliser (FLORY 2, PLANTA

Germany) with the following composition: 8.5%

Nitrate-N; 6.5% Ammonia-N; 5% Phosphate-P; 25%

Potassium (K2O); 2% Magnesium (MgO); and some

micro elements (B, Cu, Fe, Mn, Mo, Zn). We added

fertiliser in two applications in July and August in

each year of the study. Fertiliser was dissolved in

water equivalent to 2 9 3 l/m2. The same amount of

water was added to the control, and subplots were

separated widely enough to prevent roots taking

nutrients from an adjacent treatment ([3 m). The

experiment was conducted over several years (2003–

2006) to capture the huge climatic variability in the

system (Table 1) and to assess whether nutrients

accumulate in the soil. The growing season in 2004

was relatively moist, the summer of 2005 was

initially dry, but rains in July and August were

comparable to those of 2004. 2006 was again initially

very dry, but heavy rains commenced in late July.

The experiment was conducted away from wells

and laid out in blocks to account for heterogeneity in

the soil matrix. We randomly selected nine blocks

and allocated three subplots per block in August

2003. Over each subplot, we placed a cage of fine

meshed wire to protect biomass from consumption by

livestock or small mammals (herbivory by insects

was unimportant in the years of study). Cages were

0.5 m2 in size, which had proven to be sufficient in

previous studies (Wesche et al. 2007). In each cage,

0.2 m2 was sampled in July and August 2004 (n = 9

blocks with 3 subplots each), subplots were fertilised

afterwards. In 2004, we also established two further

subplots per block, which were then fertilised for the

first time (10 and 20 gN/m2) and later treated in the

same way as those from 2003. Thus, in 2005 and

2006, the experiment involved five treatments

(n = 9 9 5). We recorded a list of all plant species

plus cover estimates and the respective number of

inflorescences. Biomass as the standard variable used

in most desertification assessments (Veron et al.

2006) was clipped 2 mm above ground, air-dried and

Table 1 Precipitation in the southern Dund Saykhan over the duration of the experiment (mm/month)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

2003 17.6 0.0 0.0 0.0 (17.6)

2004 0.0 0.4 0.0 0.0 22.4 77.0 39.0 45.0 3.2 0.0 0.4 0.4 187.8

2005 0.0 0.0 0.0 0.0 26.4 10.4 36.0 36.0 4.0 0.0 0.0 0.0 112.8

2006 0.0 0.0 0.0 0.0 4.6 19.0 78.9a 23.2b (125.7)

a Three extreme ([15 mm) rain events at the 17th, 22nd, 26th
b Measurements only up to the 17th
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later dried at 105�C in the lab. We distinguished

between the main groups of Allium spp., Agropy-

ron cristatum, Stipa spp., Artemisia frigida and the

rest. Topsoil samples (depth 3–7 cm, mixed from

three samples) were collected in August 2004 and

August 2005, and the samples were likewise air-dried

in the field. Conditions in the topsoil are most

relevant for plant growth as roots of the dominant

hemicryptophytes in the area are concentrated in the

upper 10 cm of the soil (Borisova and Popova 1985;

Kutschera et al. 1997).

Chemical analysis

Soil analysis concentrated on the manipulated

nutrients, but other key variables were additionally

measured. Organic carbon and nitrogen were ana-

lysed with a CN-Analyser (Vario EL, ELEMENTAR,

Table 2 Effect of fertilisation on soil conditions over the years 2004 and 2005 (columns indicate means ± 1 s.e.)

(a) 2004 (Years 9 Levels)

Treatment (gN/m2) 1 9 0 1 9 10 1 9 20 F2,16 pcorr

Manipulated

Ntotal (g/kg) 1.7 ± 0.1 1.8 ± 0.1 1.9 ± 0.1 1.484

Pexchang. (mg/100 g) a1.4 ± 0.2 a1.9 ± 0.2 b3.1 ± 0.4 8.107 **

Kexchang. (g/kg) a0.2 ± 0.0 a0.3 ± 0.0 b0.4 ± 0.0 14.121 ***

Ktotal (g/kg) a12.5 ± 0.2 a12.4 ± 0.2 b13.1 ± 0.1 10.869 **

Other

Ctotal (g/kg) 15 ± 0 15 ± 1 16 ± 1 0.333

CNtotal ratio 8.6 ± 0.1 8.4 ± 0.1 8.3 ± 0.2 1.139

Caexchang. (g/kg) 2.8 ± 0.2 2.9 ± 0.2 2.4 ± 0.2 2.808

Mgexchang. (g/kg) 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 1.736

Mgtotal (g/kg) 20.9 ± 0.5 20.1 ± 0.5 21.5 ± 0.4 1.723

pH 7.6 ± 0.0 7.4 ± 0.1 7.2 ± 0.1 13.837

Conductivity (lS) 165 ± 31 151 ± 21 164 ± 20 0.209

(b) 2005 (Years 9 Levels)

Treatment (gN/m2) 2 9 0 1 9 10 2 9 10 1 9 20 2 9 20 F4,32 pcorr

Manipulated

Ntotal (g/kg) 2.2 ± .1 2.4 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 2.5 ± 0.1 2.225

Pexchang. (mg/100 g) a1.0 ± 0.3 ab2.5 ± 0.5 b3.5 ± 0.4 ab2.5 ± 0.6 b4.4 ± 0.6 6.988 ***

Kexchang. (g/kg) a0.3 ± 0.0 a0.6 ± 0.1 bc0.5 ± 0.0 b0.4 ± 0.0 c0.8 ± 0.1 25.228 ***

Ktotal (g/kg) 13.0 ± 0.2 13.8 ± 0.3 13.7 ± 0.2 13.5 ± 0.3 13.8±0.1 3.051

Other

Ctotal (g/kg) 17 ± 1 19 ± 1 18 ± 1 17 ± 1 19 ± 1 1.467

CNtotal ratio 7.7 ± 0.1 7.8 ± 0.2 7.7 ± 0.2 7.5 ± 0.3 7.6 ± 0.2 0.767

Caexchang. (g/kg) 2.9 ± 0.1 2.5 ± 0.1 2.5 ± 0.1 2.6 ± 0.3 2.5 ± 0.2 1.931

Mgexchang. (g/kg) 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.668

Mgtotal (g/kg) 25.8 ± 0.5 24.1 ± 0.4 24.7 ± 0.4 25.1 ± 0.6 24.4 ± 0.6 1.638

pH 7.7 ± 0.1 7.5 ± 0.1 7.4 ± 0.1 7.4 ± 0.1 7.2 ± 0.1 10.217

Conductivity (lS) 85 ± 5 108 ± 13 88 ± 6 126 ± 16 99 ± 12 2.360

For the manipulated variables, small letters indicate significantly different subgroups according to Tukey’s post hoc test. Stars
indicate levels of significance after Bonferroni correction over the years

* P \ 0.05; ** P \ 0.01; *** P \ 0.001
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Germany); total carbon figures were corrected for

carbonate-borne C measured with a Scheibler instru-

ment using HCl (10%). Available phosphate was

extracted with Ca-Lactate at pH 3.6, stained with

Ammonium-Molybdate and measured with a photo-

meter (NANODROP, USA). Total soil cations were

analysed after hot digestion with conc. HNO3;

exchangeable cations were extracted by slow percola-

tion with BaCl2 solution (0.1 mol/l). Ca and Mg were

determined with Atomic Absorption Spectrometry and

K with flame spectrometry (Flame AAS Vario EL,

Analytik Jena, Germany). Soil pH and conductivity

(20 g dry fine soil, 50 ml H2O) were measured with a

standard probe (SenTix 21, WTW, Germany). All

data refer to dry (105�C) fine soil (\2 mm). Plant

tissues were only analysed for samples from 2004

(July and August harvests). Plant C and N were

analysed with the same CN-Analyser, P and K were

determined as described before, after hot digestion

with HNO3.

Data analysis

Repeated samples can be analysed with Repeated

Measures ANOVA, but in our case experimental

designs differed among years. Moreover, temporal

trends such as successions were not the main focus of

our study, so we calculated ANOVAs separately for

each year; significance values were then Bonferroni

corrected across years for a given dependent variable

(see Underwood 1997). Measurements from the same

plot within a given year were, however, assessed with

Repeated Measures ANOVAs (i.e. species’ biomass,

plant nutrient contents). Homogeneity of variances

was tested with a Levene test, and post hoc compa-

risons were performed with Tukey’s test (Sokal and

Rohlf 1995). Percentages were arcsin-square root

transformed before testing; the values for potassium

and biomass were log-transformed to achieve nor-

mality and homogeneity of variances; numbers of

inflorescences were rank-transformed within a year.

Analysis of multivariate data on plant community

composition (list of species with separate cover

estimates) started with simple DCA ordinations that

indicated relatively homogeneous data (length of

gradient always \2 multivariate standard deviations,

McCune et al. 2002). Fertilisation effects were tested

with non-parametric Permutation-MANOVAs for a

given year (Anderson 2001), which were based on

Euclidean distances. These were followed by pair-

wise comparisons of treatments within years;

significances were tested with 14,999 permutations.

Finally, treatments within 1 year were pooled accord-

ing to results of pair-wise comparisons, and the resulting

groupings were assessed with Indicator Species

Analysis (Dufréne and Legendre 1997). This identified

species which were significantly more abundant in any

given treatment, and those were subjected to further

analyses. Univariate statistics were calculated with

SPSS 12.0 (SPSSInc. 2003); multivariate tests with

PC-ORD 5.0 (McCune and Mefford 2006).

Results

Soil nutrient contents

Fertilisation in 2003 changed soil nutrient contents in

2004 (Table 2a). Available P and K increased

significantly, and total content of soil K also

increased with fertilisation. The total content of

soil-N increased from a mean of 1.7 g/kg in the

control to some 1.9 g/kg following the addition of

20 gN/m2, although the effect was not significant.

Similar trends were observed in the total organic C

content and in CN-ratios.

Subsequent analyses in 2005 showed that nutrients

accumulated in the soil (Table 2b). Soil exchangeable

P was higher on plots that were fertilised over 2 years,

and the increase was strongest on plots that received

the equivalent of 20 gN/m2 in both years. Post hoc

tests indicated that plots first fertilised in 2003 formed

a significantly different subgroup, while those ferti-

lised in 2004 for the first time were intermediate. A

similarly stronger effect of fertilisation over 2 years

was observed for exchangeable K, but here plots

fertilised once in 2004 with 20 gN/m2 were also

significantly different from the controls. Again, total

N contents were not significant among treatments,

although contents tended to increase with repeated

fertilisation (up to a mean of 2.5 g/kg for 2 9 20

gN/m2) and were higher overall compared to 2004.

This increase was also observed on the controls.

Plant community composition

Mean species richness on unfertilised plots was

10.0 ± 0.5 (=1 s.e.) per 0.20 m2 in 2004, 8.1 ± 0.5/
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0.2 m2 in 2005 and 9.8 ± 0.6/0.2 m in 2006. Differ-

ences among years reflected the higher numbers of

annuals (mainly Chenopodiaceae), which germinated

successfully after heavy rains in early 2004 and late

2006. Fertilisation treatments showed no effect on

species richness, but plant community composition

was altered (Table 3). PerMANOVAs demonstrated

significant treatment effects for all years, and post hoc

tests almost unequivocally distinguished controls

from fertilised plots. Fertilisation effects tended to

increase over time and were most pronounced in 2006.

The effects were altogether not huge as indicated by

initial DCA ordinations (data not shown), but Indica-

tor Species Analysis revealed constantly positive

responses of the two most abundant species

Allium polyrrhizum and Agropyron cristatum. These

were treated separately in the following analyses.

Biomass production and flowering activity

Biomass development in 2003/2004 showed a pro-

nounced increase with fertilisation levels (Fig. 1).

Fertilisation at 10 gN/m2 almost doubled the total

above-ground growth up until August 2004, from a

mean of 615 ± 50 (s.e.) kg dry biomass/ha to 1130 ±

70 kg/ha, and fertilisation at 20 gN/m2 raised the mean

value to 1490 ± 140 kg/ha. Plots had not been

harvested prior to July 2004, but growth in the 4 weeks

of July to August 2004 was equally affected by

fertilisation (see Electronic supplementary material).

Mean growth was 190 ± 20 kg/ha on the controls,

while fertilised plots had values of 340 ± 20 and

420 ± 40 kg/ha, respectively. Fertilisation effects were

significant (Table 4), but although increases seemed

more pronounced in Allium spp. and Agropyron

cristatum (Fig. 1), differences among species groups

and species*fertilisation interactions were not signif-

icant after Bonferroni correction (Table 4).

Biomass productivity for 2005 was lower due to

the generally lower amounts of precipitation, but

effects of fertilisation were nonetheless pronounced

(Fig. 1). The plots fertilised for the first time in 2004

were not harvested that year, so they carried over

amounts of biomass (including necromass from

2004). After harvesting in July 2005, possible con-

founding effects of necromass were eliminated and

growth for August 2005 still showed the expected

pattern (Electronic supplementary material). Biomass

on plots fertilised for two years at 20 gN/m2 had a

mean total annual growth of 805 ± 80 kg/ha, those

fertilised at 2 9 10 gN/m2 had 595 ± 60 kg/ha com-

pared to 350 ± 25 kg/ha for the controls. Post hoc

comparisons indicated that the highest fertilisation

treatment (2 years at 20 gN/m2) differed from the

control, the intermediate treatments were also differ-

ent from the control but there was some overlap with

the high fertilisation treatment (Fig. 1).

In 2006, we skipped the harvest in July due to

pronounced dryness in early summer (Table 1)—

resulting in next to zero growth—and harvested plots

only once at the beginning of August. Fertilisation

effects were again strong (Table 4) and growth

increased more than threefold from 235 ± 20 kg/ha

on the control to 740 ± 75 kg/ha on plots fertilised

Table 3 Effects of fertilisation on community composition

Treatment (Ng/m2) Sub-groups

Year Source df F Pcorr Positive indicators

2004 0a 10ab 20b Fertilisation 8,16 2.343 * a

Block 2,16 1.203 b Allium polyrrhizum, Allium prostratum,

Agropyron cristatum

2005 0a 20ab 40b 10b 20b Fertilisation 4, 32 1.655 * a Arenaria meyeri

Block 8, 32 1.648 b Al. polyrrhizum, Ag. cristatum

2006 0a 30b 60b 20b 40b Fertilisation 4, 32 2.978 *** a

Block 8, 32 1.321 b Al. polyrrhizum, Ag. cristatum,
Chenopodium vulvaria,

Salsola pestifera

PerManovas (randomised block design) were based on Euclidean distances and calculated separately for each year; stars give

Bonferroni corrected significance levels (across years). Small letters indicate significantly different subgroups of treatments according

to pair-wise tests. Indicator Species Analysis was based on sets of significantly different subgroups
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three times at 20 gN/m2. Fertilisation treatments

differed significantly from the control, but not among

each other (Fig. 1). As before, species’ responses

seemed to differ, and in 2006 differences among

species groups were indeed significant. Effects were

most pronounced in Agropyron cristatum, which

increased in growth from 35 ± 10 kg/ha to 150–

170 kg/ha on the intermediate treatments, and

285 ± 70 kg/ha under the most intense fertilisation.

Flowering activity also responded to fertilisation.

In July 2004, the total number of inflorescences more

than doubled under high levels of fertilisation (Fig. 2),

and was intermediate in the intermediate treatment. In

both July 2005 and August 2006, inflorescence

numbers were much lower on all treatments, including

the control, and there was pronounced scatter within

treatments. Fertilisation effects were significant in the

moist year of 2004 (Bonferroni corrected P \ 0.01);

there were also trends in 2005 and 2006, great scatter,

however, resulted in non-significant tests (Bonferroni

corrected P \ 0.2 in 2005, P \ 0.15 in 2006).

Plant nutrient contents

Plant nutrient contents were only analysed for the two

most abundant species groups and only in the year

2004 (both harvests, Fig. 3). Plant nutrient contents for

the second harvest were generally higher, as a

consequence of more fertiliser being applied after the

harvest in July and perhaps due to lower water

availability. Fertiliser addition in 2003 unequivocally

increased the nitrogen content in both Agropy-

ron cristatum and Allium spp. (mainly Al. poly-

rrhizum, Fig. 3), although levels were overall higher

in Al. polyrrhizum. The fertilisation effect was not

directly related to the absolute amount of fertilisation

Fig. 1 Effect of fertilisation on standing crop of the three main

species groups Agropyron cristatum, Allium polyrrhizum and

Al. prostratum, and rest. Harvests for July and August were

summed up for a given year (columns indicate means ? 1 s.e.

of the mean total biomass; small letters indicate subgroups for

fertilisation effects according to Tukey’s post hoc test). See

Electronic supplementary material for raw data of the different

harvests

Table 4 Results of Repeated Measures ANOVAs on log-transformed biomass data for total growth until August of the given year

Source 2004 2005 2006

MSQ F Pcorr MSQ F Pcorr MSQ F Pcorr

Species 0.141 1.649 0.148 1.837 0.560 10.116 ***

Fertilisation 0.952 35.103 *** 0.440 14.403 *** 0.984 15.576 ***

Block 0.048 1.766 0.156 5.105 *** 0.111 1.754

Species*fertilisation 0.048 0.558 0.053 0.662 0.115 2.072

Species*block 0.143 1.671 0.135 1.677 0.139 2.513 *

Measurements for species at a given plot were taken as the within-subject factor, treatment and block as the between-subject factor;

stars indicate significance values (Bonferroni corrected across years)
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(within the range tested here), as post hoc tests

discriminated mostly the unfertilised controls from

fertilisation treatments (Fig. 3). CN ratios in August

decreased in Al. polyrrhizum from a mean of

9.3 ± 0.1 (s.e.) on the controls to 7.8 ± 0.2 and

7.3 ± 0.1 at 10 and 20 gN/m2. The corresponding

figures in Ag. cristatum were 14.3 ± 0.6, 10.3 ± 0.2

and 9.7 ± 0.3. Fertilisation also resulted in increased

levels of P and K in tissues (Table 5). In Ag. cristatum,

the content of P showed an almost linear increase with

fertilisation, and a similar trend was observed for K.

Phosphorus increase in Al. polyrrhizum was less

Fig. 2 Total number of inflorescences in response to fertilisa-

tion treatments. Results of block-factor ANOVAs on rank-

transformed data (pooled for all species) were significant after

Bonferroni correction in 2004 (F2,16 = 10.123, Pcorr \ 0.01,

small letters indicate results of Tukey’s post hoc test) but not

in 2005 (F4,32 = 2.254, Pcorr \ 0.2) and 2006 (F4,32 = 2.756,

Pcorr \ 0.15). Error bars give 1 s.e. of the total number of

inflorescences

Fig. 3 Effect of fertilisation on plant nutrient contents in

2004, given for the main fodder grass Agropyron cristatum and

the second common species group Allium polyrrhizum and

Al. prostratum (columns indicate means ? 1 s.e., small letters
indicate subgroups according to Tukey’s post hoc test follow-

ing the Repeated Measures ANOVA)
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pronounced (significant species*fertilisation interac-

tion), and the species also responded less strongly to K

addition (significant species*fertilisation interaction).

Post hoc tests showed differences between both treat-

ments and the control for P, while for K treatments also

differed among each other (Fig. 3).

Discussion

Soil nutrient contents

Levels of exchangeable soil K were significantly

increased by fertilisation, but they are already high

even on the controls, and comparable to adjacent

regions (Fernandez-Gimenez and Allen-Diaz 2001;

Xie and Wittig 2004). In contrast, levels of soil total N

and available P are relatively low, and both can be

limiting in desert environments (Drenovsky and

Richards 2004; James et al. 2005; Krueger-Mangold

et al. 2004; Whitford 2002). The low levels of nitrogen

may be related to the generally low abundance of

nitrogen-fixing plants in Central Asia (Lavrenko and

Karamysheva 1993), but they are also influenced by

land use. Livestock consume biomass and translocate

nutrients via their deposits, with gradients in N usually

being less steep than in phosphorus (Fernandez-

Gimenez and Allen-Diaz 2001; Knopf et al. 2005;

Stumpp et al. 2005). Grazing may also trigger erosion,

and nutrient stocks in heavily grazed Central Asian

drylands are often very low (Cheng et al. 2004; Su

et al. 2005; Xie and Wittig 2004).

We could not find significant fertilisation effects

on the total soil N content. With a mean content of

1.7 g/kg in 2004 and a mean bulk density of 1.4 g/cm3

(Ronnenberg unpubl.), total soil N-content in the

topsoil (upper 10 cm) was around 240 g/m2 for the

controls. Thus, assuming no losses, an addition of

20 g should result in an estimated overall increase

from 1.7 g/kg to ca. 1.9 g/kg. This represents a small

effect difficult to detect statistically, but one which

corresponds well with our observations (Table 2),

indicating that a large fraction of the added N was

still present in the soil. The additional nitrogen

absorbed by plants is of limited importance here,

because it accounts for \20% of added nutrient (see

discussion below). The low soil C/N ratios (7–9)

indicate that the largest part of the nitrogen is not

bound to humus fractions or other organic matter.

Uptake is nonetheless apparently not complete, be it

because of limited rootlet density, lack of water or

any other factor co-limiting plant growth.

At the prevailing pH levels of around 7–8

(Table 2), P is increasingly fixed in poorly soluble

phosphates and should be quickly immobilised. This

adds to the adsorption to organic compounds

(Marschner 1995), although in our case fertilisation

improved P availability. If the evidence on nutrient

translocation is considered, there is still good reason

to suspect phosphorus limitation in southern Mongo-

lian steppes. In any case, soil nutrient analysis

confirmed that N and P accumulated in the soil and

fertilisation had a pronounced and presumably lasting

effect on soil nutrient contents and availability.

Table 5 Results of Repeated Measures ANOVAs for data on plant nutrient contents in Fig. 3

Source N P K

MSQ F Pcorr MSQ F Pcorr MSQ F Pcorr

Within subject

Month 66.443 473.105 *** 0.643 107.978 *** 0.214 94.324 ***

Month*fertilisation 0.773 5.503 0.007 1.178 0.003 1.531

Species 14.166 117.027 *** 0.002 0.755 0.310 97.792 ***

Species*fertilisation 0.309 2.549 0.021 6.607 * 0.028 8.833 *

Month*species 5.019 30.870 *** 0.105 28.310 *** 0.007 3.016

Between subjects

Fertilisation 9.349 37.734 *** 0.028 9.332 ** 0.081 18.552 **

For a given nutrient, species were nested in month of (repeated) harvests; treatment and block were considered as between-subject

factors. Data for K and P were log-transformed. As uptake for different nutrients may not be independent, we indicate Bonferroni

corrected significance levels (across all three nutrients) as stars. In order to save space, tests on the block factors are not given here
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Effects on total above-ground biomass

We found clear evidence that above-ground plant

production, and thereby fodder availability, benefited

from fertilisation. Standing crop had almost doubled

with every 10 gN/m2 fertiliser equivalent in the moist

spring/early summer 2004, and trends were similar

for summer growth in subsequent years. There was

some evidence of a saturation effect at a total of

2 years of 20 gN/m2 fertilisation; beyond which

treatments showed only modest and non-significant

additional increases (Fig. 1).

The absolute size of the effect seems to be related to

climate because growth on fertilised sites up to July

was much higher in 2004 than in the drier years of 2005

and 2006. Still the fertilisation effect was apparent in

all years regardless of their precipitation in line with

the meta-analysis by Hooper and Johnson (1999). Our

results also support reports on nutrient co-limitation in

North American saline shrublands growing at 140 mm

mean annual precipitation (James et al. 2005), and

fertilisation experiments in Californian grasslands that

indicate co-limitation of N and water at ambient

precipitation of 226 mm (Harpole et al. 2007). New

evidence is also becoming available from Mongolia,

where sites were fertilised at relatively low rates of up

to 1.5 gN/m2 (Kinugasa et al. 2008). That study found

a trend to increasing productivity, but results were not

significant due to large scatter. This may be related to

the comparatively low amounts of N added, and to the

fact that P may also be a limiting factor (see below).

Our data should be representative for larger

dryland regions. At the study site, August precipita-

tion was between 20 and 45 mm in all three years

(Table 1). These are not unusually high figures for the

region, as even drier desert steppes in the area receive

a mean total of 28 mm in August as evidenced by

Bayandalay station (National Meteorological Ser-

vice), which lies in drier steppes 700 vertical metres

lower than the study site. Increased productivity was

observed within grazing exclosures in those dry desert

steppes, and soils in these exclosures showed indeed

higher levels of nutrients than in the surroundings

(Slemnev et al. 2004; Wesche et al. accepted). Further

indirect evidence is provided by studies on positive

effects of improved soil conditions on vegetation after

erosion controls were implemented in a northern

Chinese dune region with 190 mm mean annual

precipitation (Li et al. 2007).

North American short grass prairies are similar in

physiognomy to the vegetation of our study sites but

tend to receive more annual precipitation than the

100–200 mm found in southern Mongolia (Lauenroth

and Milchunas 1992). Compared to North America,

precipitation in the highly continental regions of

Central Asia is strongly concentrated to the ca.

4 months of growing season. Even in dry Central

Asia, plants can thus utilise a monthly mean of 20 and

50 mm in the growth period, which is not excee-

dingly low compared to most dry regions of the world

(Whitford 2002) and explains why precipitation

levels were sufficiently high to allow nutrient uptake

and usage in our experiment.

Our data thus support the notion that nutrient co-

limitation may be an issue even under dry conditions,

which was put initially forward in the benchmark

publication by Breman and de Wit (1983). This

seems contradictory to a recent review compiled by

Xia and Wan (2008) who describe a strong correla-

tion of relative responses to nitrogen fertilisation and

ambient precipitation, but a closer look at their data

reveals that this relationship is largely driven by

studies from very wet environments ([1250 mm),

while differences in response ratios between dry sites

and sites with 750–1000 mm are not as pronounced.

Moreover, inferences by Xia and Wan (2008) on very

dry environments are largely based on data from a

site in the Swiss Alps, which was erroneously entered

as having a mean annual precipitation of 94 mm.

Other effects on plants

Our results clearly show that nutrient limitation may

constrain flower and, thus, seed production. Sexual

recruitment is severely constrained in the harsh

climate of the Gobi (e.g. Gunin et al. 2003; Lavrenko

and Karamysheva 1993; Ronnenberg et al. 2008) and

nutrient limitation may aggravate these problems. In

the long run, this should also lead to changes in plant

community composition. In our case, fertilisation

altered plant community composition towards a

higher cover of Ag. cristatum, but data are tentative

with respect to scale and duration of the experiment.

Agropyron cristatum is the preferred fodder grass

in southern Mongolia (Jigjidsuren and Johnson 2003)

and it showed the strongest response. The relative

contribution of Ag. cristatum to total standing crop in

August 2004 increased from a mean of 31% on the
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control to 38% on the most intensively fertilised plots;

the corresponding figures for 2005 were 26 and 33%;

in 2006 Ag. cristatum contributed 15% on the controls

and 35% at the highest fertilisation level. Although the

Allium species are even more nutritious than the

grasses (Jigjidsuren and Johnson 2003), secondary

compounds lead to a reduced palatability, which

makes the relative increase of Ag. cristatum biomass

desirable from a land use point of view. Moreover,

mean nitrogen content of Ag. cristatum in August was

already 30 g/kg in the controls, which is high but

comparable to values from other Central Asian grasses

(Yuan et al. 2005a; Yuan et al. 2005b). Contents

increased up to a mean of 44 g/kg under the most

intense level of N-addition, which is again in line with

meta-analysis (Xia and Wan 2008). As leaf nitrogen is

closely related to leaf protein content (Marschner

1995), fodder quality should have benefited. This is in

contrast to an ongoing study from Central Mongolia,

where unpalatable species disproportionally benefited

from experimental nutrient addition (Kinugasa et al.

2008), so more data are clearly needed.

Expressed in total aboveground stocks for August,

tissue N in Allium spp. increased from a mean of

2.7 ± 0.4 kg/ha on the controls to 6.3 ± 1.3 and

8.5 ± 1.8 kg/ha at the equivalents of 100 and

200 kgN/ha and year fertilisation, the corresponding

figures for Ag. cristatum were 2.0 ± 0.3, 6.2 ± 1.0

and 8.5 ± 2.1 kg/ha, respectively. Therefore, only a

small fraction of fertiliser N was used by the main

plant groups. The corresponding figures for leaf P for

Allium spp. are 0.094 ± 0.021, 0.170 ± 0.035 and

0.264 ± 0.054 kg/ha and for Ag. cristatum 0.099 ±

0.015, 0.279 ± 0.046 and 0.421 ± 0.091 (compared

to equivalents of 0, 33 and 66 kg P/ha year added).

Given that we opted for full fertilisation, we can

make no direct inferences on the limiting factor.

Some of the added micro elements may have been

limiting, but with respect to the overall high cation

contents N and P are more likely candidates. The NP

ratios found in our plants (on average 20–35) are in

the upper range of values reported for Central Asian

plants (Han et al. 2005; He et al. 2008) and point to

phosphorus rather than nitrogen limitation, but this

indicator has to be taken with caution (Güsewell

2004). Ratios did not change or even slightly increase

with fertilisation; an effect that has been observed

before in desert environments simultaneously ferti-

lised with N and P (Drenovsky and Richards 2004).

Phosphorus availability is known to influence

flowering and fruit-setting in plants (Marschner

1995) and we indeed found enhanced flowering

activity. Whether this is related directly to P

uptake—as opposed to a function of the general

better growth and performance of plants growing on

fertilised soil—cannot be inferred without a differ-

ential fertilisation experiment. This would allow

estimating the importance of the presumably co-

limiting factors N and P. Water should be included,

as comparisons of years with different precipitation

imply that water availability co-limited plant growth.

Management implications

In the moist year of 2004, the mean biomass increase

with an annual fertilisation of 200 kgN/ha (or 20 gN/

m2) was 875 kg/ha, while the respective figures for

the drier years of 2005 and 2006 were 455 and

505 kg/ha. Thus, in 2004, we obtained on average

around 4.4 more units of above-ground biomass for

every unit of N invested; in 2005, the factor was 2.3

and in 2006 2.6. Total production was certainly

higher because at grazed sites around our camp[95%

of biomass is below-ground (unpublished data). Still,

nutrient use efficiencies are relatively low (Hooper

and Johnson 1999; Yuan et al. 2006), and we thus

certainly do not suggest a large-scale fertilisation of

the dry Mongolian steppes.

However, our results demonstrate that nutrient

availability constrains fodder production in rather dry

rangelands at well\200 mm, and focussing solely on

precipitation variability certainly is an oversimplifi-

cation. Problems with nutrient availability may

aggravate. The quoted evidence for nutrient translo-

cation may be related to ongoing replacement of large

livestock such as Camels by goats and sheep, which

tend to distribute their faeces less evenly in space

(Bakker et al. 2004). Annual nitrogen depositions in

Central Asia are predicted to increase by 0.4 g/m2

between 1990 and 2050 (Galloway et al. 2004). This

may counterbalance some of the effects caused by

animal husbandry, but the estimated scale of the

presumably already accomplished nitrogen translo-

cation shows that effects of aerial N deposition will

be limited. Our data thus show a potential and

certainly largely overlooked pathway for pasture

degradation, which should prompt further research on

the issue.
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