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Abstract
Purpose It has been suggested that above and belowground
interactions produce important feedbacks in natural ecosys-
tems. It is necessary to study the relationships between
aboveground plant functional group traits and belowground
biomass and soil chemical properties in natural grasslands.
Materials and methods In a field study, four natural alpine
meadows dominated by different plant functional groups
were selected. We assigned the plant species to one of two
functional groups: the grasses functional group (GFG) or
the forbs functional group (FFG). The aboveground GFG and
FFG biomass and total belowground biomass were measured.
At the same time, for each sampling quadrat, soil pH, soil
organic matter (SOM), total nitrogen (TN), available nitrogen
(AN), total phosphorus (TP), and available phosphorus (AP)
were determined.
Results and discussion GFG-dominated meadows had
significantly higher total belowground biomass, SOM, TN,
TP, AN, and AP than FFG-dominated meadows. Correlation
analyses showed that total belowground biomass (to a depth
of 30 cm) and soil nutrient contents were significantly and

positively correlated with the GFG biomass proportion, but
negatively correlated with the FFG biomass proportion.
Conclusions There were significant positive correlations
among above and belowground biomass and the soil chemical
properties studied. The GFG proportion may thus be an
indicator of soil chemical properties in the studied meadow
types. This implies that natural increases in, or introduction of
more, GFG species in FFG-dominated meadows may
improve soil nutrient conditions. This study provides the
basis of understanding for future studies on plant–soil
interactions and feedbacks in grassland ecosystems.

Keywords Biomass production . Grassland ecosystem .

Plant functional group (PFG) . Soil chemical properties .

Vegetation structure

1 Introduction

Ecologists are becoming increasingly aware of the role of
above- and belowground feedbacks in controlling ecosys-
tem processes and properties (Robertson and Gross 1994;
Van der Putten et al. 2001; De Ruiter 2002; Bardgett et al.
2005; De Deyn and Van der Putten 2005). Plant–soil
feedbacks play an important role in the maintenance of both
plant community structure and soil properties. The mecha-
nisms of plant–soil feedback depend on plant species, plant
functional groups, and site-specific differences in abiotic and
biotic soil chemical properties (Bezemer et al. 2006). Plant
functional group composition also plays an important role in
determining ecosystem function variation such as decompo-
sition and species loss in changing environments (McLaren
2008). Many recent studies have focused on understanding
how plant functional groups influence ecosystem properties
(Wardle and Zackrisson 2005). Plant species composition
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had positive feedbacks in nutrient cycle patterns in natural
ecosystems, and the plant–soil feedback depended upon
plant species, plant taxonomic (or functional) groups, and
site-specific differences in abiotic and biotic soil chemical
properties (Bezemer et al. 2006). Changes in plant compo-
sition can also alter biotic and abiotic soil characteristics (soil
organic matter, soil nutrient availability, and the composition
of soil microbial communities) by interspecific combined
effects of feedback (Casper and Castelli 2007). These
influences on soil chemical properties result in either net
positive or negative feedback effects, which influence plant
performance and also plant community composition. Different
plant functional groups (groups of plants that have similar roles
in a community, e.g., grasses, legumes) both influence plant
community dynamics and determine ecosystem function
(properties and processes of an ecosystem, McLaren 2006).
Changes in plant functional group and species composition
have significant effects on soil nutrients in grassland and
impair key ecosystem processes (Wardle and Zackrisson
2005; McLaren 2008).

Soil chemical properties can also potentially affect
species composition (Bever 1994) and community structure
in plant communities (Kardol et al. 2006). Soil nutrient
availability is crucial for understanding the consequences of
above- and belowground trophic interactions for ecosystem
functioning (Ettema and Wardle 2002). The strength of
above–belowground linkages may therefore depend on the
availability of nutrients in ecosystems (Haase et al. 2008).

Plant species in grasslands are often separated into different
groups (grasses and forbs) with presumed links to ecosystem
functioning and taxonomy (Aerts and Chapin 2000; Lavorel
and Garnier 2002), with regard to their grazing utilization
value. Some studies suggested that a feedback effect between
a single species and soil characteristics might also exist (e.g.,
Kardol et al. 2006), but these results were usually restricted
to controlled environments or greenhouse studies. Therefore,
we conducted a field study to investigate relationships
between two aboveground dominant functional groups and
the soil chemical properties in an alpine meadow on the
Qinghai–Tibetan Plateau. We hypothesized that there should
be positive relationships between the grasses functional
group (GFG) and both the belowground biomass and the
soil chemical properties in an alpine meadow. We set out to
prove this hypothesis by comparing GFG vs forbs functional
group (FFG) in four different alpine meadow types.

2 Materials and methods

2.1 Study site

Four types of natural alpine meadow dominated by different
species were selected at the Maqu Wetland Protection Area

(33°06′~34°33′ N, 100°46′~102°29′ E) in Gansu Province,
People's Republic of China, at an altitude of 3,500 m a.s.l.
on the eastern Qinghai–Tibetan Plateau. The soil types were
classed as felty soils. The mean annual daily air temperature
was 1.2°C, ranging from −10°C in January to 11.7°C in July.
Mean annual precipitation was 620 mm, mainly falling
during the short, cool summer. The accumulated annual
time with cloud-free solar radiation was about 2,580 h. The
vegetation was that of a typical alpine meadow and was
dominated by clonal Kobresia spp., Carex atrofusca, and
Blysmus sinocompressus. Typically, there were 20~30
vascular plant species and 800~1,000 individual plants per
square meter (Wu et al. 2009).

The four meadow types comprised B. sinocompressus–
C. atrofusca meadow (B-C meadow), Kobresia tibetica–
Kobresia humilis meadow (K-K meadow), Potentilla
anserina–Leontopodium nanum meadow (P-L meadow),
and Ligularia virgaurea–Ajania tenuifolia meadow (L-A
meadow). Descriptions of the location, altitude, main
species composition, and their relative cover are given in
Table 1. We assigned the plant species to one of two
functional groups: the GFG or the FFG. Most of the grasses
and forbs were perennials. The GFG mainly contained
gramineous and sedge species, which are excellent forage
species for herbivores (sheep and yak), whereas the FFG
mainly contained forbs and some unpalatable species,
which are not preferred or are often rejected by herbivores
(Wu et al. 2009). The original species of the four meadow
types were all Kobresia spp. and Carex spp., but the
vegetation of the meadows has diverged because of long-
term grazing effects. The B-C and K-K meadows were GFG-
dominated meadows, while the P-L and L-A meadows were
FFG-dominated meadows. The grazing history of the four
meadow types was similar, i.e., winter grazing by nomadic
Tibetan herds each year from November to June until 2005.
They had all undergone grazing by Tibetan sheep and yak
herds of medium herd density (the approximate ratio of
sheep to yaks was about 1.6:1) during the grazing season.
From 2005, all meadows were fenced to exclude livestock
grazing following implementation of the Natural Grassland
Protection Project of China.

2.2 Experimental procedures

In each meadow, we randomly selected three 50×50-m
plots and placed nine quadrats (0.5×0.5 m) diagonally in
each plot (Fig. 1). A total of 108 samples were collected in
early August 2008, when the mean biomass reached its
peak (Wu et al. 2009). The biomass of the two functional
groups (GFG and FFG) and total belowground biomass
were measured. Ramets were counted, and shoots were
clipped at ground level. The biomass of each functional
group was determined by drying at 80°C for 48 h to
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constant weight. The GFG and FFG biomass proportions were
calculated based on their relative proportions in the total
aboveground biomass. Belowground biomass was collected
from soil removed to a depth of 30 cm in a quadrat (0.25×
0.25 m), which was located inside the corresponding quadrat
(0.5×0.5 m) used for the community survey. Belowground
roots were sieved out on a thin, plastic gauze screen (aperture,
0.5 mm) and washed with water. Small stones were removed,
and the roots were dried.

At the same time, from each sampling quadrat, we
collected three soil samples along the diagonal to a depth of
30 cm using a bucket auger. The three soil samples taken
within each separate quadrat were mixed. The nine mixed
soil samples from each sampling plot were used to analyze
soil characteristics. All soil samples were air-dried and
then passed through a 0.14-mm sieve. Soil pH was
determined using a soil–water ratio of 1:5; soil organic
matter (SOM) was measured using the K2Cr2O7 method;

Table 1 Descriptions of location, altitude, and main species composition (current dominant species, main companion species, and their relative
cover) in four alpine meadows

Meadow types Location Altitude (m) Plant community characteristics

Dominant species Relative
cover (%)

Main companion species Relative
cover (%)

B-C meadow 33°43′ N,
101°38′ E

3,448 B. sinocompressus,
C. atrofusca

62.43 Stipa aliena, K. tibetica, Scirpus pumilus,
Deschampsia caespitosa

22.55

K-K meadow 33°48′ N,
102°08′ E

3,420 K. tibetica, K. humilis 43.83 Kobresia macrantha, S. pumilus, Elymus nutans,
Caltha scaposa

25.74

P-L meadow 33°42′ N,
102°07′ E

3,435 P. anserina, L. nanum 55.56 L. virgaurea, Taraxacum officnala, Polygonum
viviparum, Trollius farreri

26.82

L-A meadow 33°58′ N,
102°03′ E

3,438 L. virgaurea, A. tenuifolia 54.36 Anaphalis lacteal, L. nanum, Koeleria cristata,
Saussurea Hieracioides

21.27

Fig. 1 Map of the Maqu
Wetland Protection Area
showing the location of the
four study sampling sites located
in southern Gansu Province on
the eastern Qinghai–Tibetan
Plateau, China. Red circles are
sampling sites and open squares
are plant sampling quadrats.
Three plots were selected at
each sampling site and nine
quadrats were measured in each
plot. A total of 108 squares
(0.5×0.5 m) were sampled
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soil total nitrogen (TN), available nitrogen (AN), total
phosphorus (TP), and available phosphorus (AP) were
measured using air-dried samples according to standard
procedures (Agriculture Chemistry Council, Soil Science
Society of China 1983). The SOM, TN, and TP were
calculated as a percentage of the oven-dried (105°C) mass
of the soil; AN and AP were expressed as milligrams of N
or P per kilogram of soil (oven-dried).

2.3 Data analysis

Differences in total aboveground biomass, biomass by
functional group, total belowground biomass, pH, SOM,
TN, TP, AN, and AP were analyzed by multivariate
analysis using the general linear model among plots and
meadow types. Correlations among GFG and FFG biomass
proportions, belowground biomass, SOM, TN, TP, AN, and
AP were calculated using parametric Pearson's correlation
(R) with a threshold probability of 0.01 and the log-
transformed values of the data for the four meadow types.
All calculations were made using SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA) software.

3 Results

The overall ANOVA results showed that there were
significant differences in all measured parameters among
the four meadow types; above- and belowground biomass,
GFG biomass, and SOM also demonstrated significant
differences among the study plots within each meadow type
(P<0.01). There were also significant interaction effects
between the study plots and the meadow types on
aboveground biomass, GFG biomass, and soil pH value
(Table 2). The total aboveground biomass decreased in the
order B-C meadow > K-K meadow > P-L meadow > L-A

meadow (F=4.23, P<0.01). The GFG-dominated meadows
(B-C and K-K meadows) had significantly higher total
belowground biomass (Fig. 2), SOM, TN, AN, TP, and AP
contents and lower pH than the FFG-dominated meadows
(P-L and L-A meadows). The AN contents decreased in the
sequence K-K meadow > B-C meadow > P-L meadow > L-A
meadow (Fig. 3).

Correlation analyses showed that total belowground
biomass and soil nutrient contents were all significantly
and positively related to the proportion of GFG. There was
also a significant positive correlation between belowground
biomass and soil chemical properties studied. Additionally,
there were significant positive correlations among SOM,
TN, TP, AN, and AP (Table 3).

4 Discussion

We found that the biomass and proportion of GFG were
positively correlated with belowground biomass and soil
nutrient properties, and conversely that the biomass and
proportion of FFG were negatively correlated with these
parameters in alpine meadow communities. Wang et al.
(2007) also found a significant positive correlation between
aboveground productivity, SOM, and soil TN in K. tibetica
meadows, K. humilis meadows, and Kobresia pygmaea
meadows of the Qinghai–Tibetan Plateau. Furthermore,
long-term fencing has been shown to increase the GFG
proportion in alpine meadow communities and to improve
soil chemical properties and soil organic carbon storage in
an alpine swamp meadow (Wu et al. 2010a). Similarly,
establishing an artificial gramineous-grassland improved
soil nutrient and carbon storage in a degraded black-soil-
type grassland (Wu et al. 2010b). However, grazing
decreased the GFG proportion and increased the FFG
proportion in alpine meadow communities, and there were

Table 2 ANOVA results of between-subjects effects of study plot (SP) and meadow type (MT), and their interactions on above- and belowground
biomass, GFG and FFG biomass, pH value, SOM, TN, TP, AN, and AP with general linear model tests

Sources Aboveground biomass Belowground biomass GFG biomass FFG biomass pH value

df F P F P F P F P F P

SP 2 14.49 <0.001 18.22 <0.001 17.17 <0.001 1.55 0.22 1.04 0.36

MT 3 43.40 <0.001 82.83 <0.001 32.86 <0.001 20.52 <0.001 13.64 <0.001

SP × MT 6 2.64 <0.05 1.12 0.36 5.03 <0.001 0.55 0.77 2.81 <0.05

Sources SOM TN TP AN AP

SP 2 6.22 <0.01 0.23 0.79 0.66 0.52 0.26 0.77 0.17 0.84

MT 3 38.71 <0.001 44.04 <0.001 38.59 <0.001 30.12 <0.001 16.01 <0.001

SP × MT 6 1.33 0.25 0.23 0.97 0.14 0.98 0.17 0.98 0.23 0.96

All values show significance at P<0.05

df degrees of freedom
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lower soil nutrient contents in grazed meadows than in
fenced meadows (Wu et al. 2009).

Bezemer et al. (2006) had proposed that plant–soil
feedback depends upon the plant functional group. Differ-
ences in plant functional groups can create different soil
biotic and abiotic microhabitats by affecting soil organic
matter, soil nutrient availability, and soil microbial com-
munities (Casper and Castelli 2007). Gastine et al. (2003)
also found that the functional group identity of the plants
can significantly affect root biomass and soil abiotic factors.
Belowground properties may be more influenced by the
identity (and litter quality) of plant functional groups than
by plant species diversity. Likewise, we found that GFG-
dominated meadows had higher values of total below-
ground biomass, SOM, TN, TP, AN, and AP than those
dominated by FFG in the studied meadows. Plant produc-
tivity in terms of nutrient cycling depends on the traits of
the plant species pool with respect to complementarity in

nutrient supply to the soil and the acquisition of minerals
and water from the soil (Eviner 2004). Graminoid species
had higher productivity, which can result in greater amounts
of nutrients fixed within their tissues (Harris et al. 2007),
and a relatively higher proportion of belowground biomass
and specific root length (Šmilauerová and Šmilauer 2006),
which is related to a higher litter decomposition rate and
soil nitrogen availability, than the forbs species (Moretto
et al. 2001; Moretto and Distel 2002; McLaren 2006).
Graminoid aboveground plant resources were returned to
the soil when litter layers and roots decomposed (Bardgett
and Wardle 2003). Graminoids can grow rapidly, producing
readily degradable litter and root mass, further enhancing
rates of nutrient cycling, and making a contribution to
increases in soil fertility (reviewed in Hobbie 1992; Moretto
et al. 2001; Moretto and Distel 2002).

Our results suggested that GFG species produce a
positive feedback on soil nutrient properties and above-

Fig. 2 Mean (±standard error) of aboveground biomass (in grams per
square meter, a), belowground biomass (in grams per square meter, b).
Aboveground GFG biomass (in grams per square meter, c) and FFG
biomass (in grams per square meter, d) for four meadow types (B-C

meadow, K-K meadow, P-L meadow, and L-A meadow). Different
lowercase letters inside a histogram indicate significant differences
among the four meadow types (P<0.05)
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ground dominant functional groups can indicate below-
ground biomass conditions and soil chemical properties in
grassland ecosystems. However, many other factors could

also contribute to the differences in soil attributes, such as
different soil substrates, soil microbial communities, herbi-
vores and decomposers, etc. (Haase et al. 2008). These are

Fig. 3 Mean (±standard error) of soil pH value (a), soil organic
matter content (in percent, b), total nitrogen content (in percent, c),
total phosphorus content (in percent, d), available nitrogen content
(in milligrams per kilogram, e), and available phosphorus content

(in milligrams per kilogram, f) for four meadow types (B-C meadow,
K-K meadow, P-L meadow, and L-A meadow). Different lowercase
letters inside a histogram indicate significant differences among the
four meadow types (P<0.05)
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significant because plants build up positive feedbacks in the
nutrient cycle related to carbon deposition and competition
with microbes for nutrients in the rhizosphere, factors that
are plant species dependent (Hobbie 1992). The interaction
between microbes and specific plant species alters nutrient
cycles and improves plant performance or provides a
competitive advantage in complex plant communities
(Hawkes et al. 2005; Casper and Castelli 2007).

Our study also showed that belowground biomass had
significant positive relationships with the aboveground
biomass and soil nutrient properties. Differences in the
quantity and quality of roots provide feedbacks that affect C
and N cycling and help to maintain and even promote the
fundamental differences found in N cycling in tallgrass
prairies (Johnson and Matchett 2001). It suggests that
belowground biomass is also an important source and sink
for soil nutrients that also affect aboveground vegetation
biomass in terrestrial biogeochemistry (Gordon and Jackson
2000). These observations strengthen the hypothesis that
the GFG provides a significant root biomass and nutrient
supply to the soil.

Positive effects of GFG species on soil chemical
properties may also result in positive or negative feedback
effects, which influence plant performance and plant
community dynamics and composition (McLaren 2006).
Huston (1996) proposed that higher soil nutrient availability
improved plant community structure and productivity
because higher nutrient availability favors the competitive-
ness of graminoid species, which have greater competitive
and colonization ability over other forbs species under low
grazing disturbance (Distel and Boo 1996; Moretto and
Distel 1997; van der Wal et al. 2004).

Additionally, there were significant positive correlations
among SOM, TN, TP, AN, and AP. These may be caused
by positive feedbacks of the higher GFG species propor-
tions in the meadow communities. Furthermore, increased
N contents can boost microbial respiration and population
growth, resulting in accelerated N turnover and net
mineralization from decomposition of microbial residues
(Mengel 1996; Ebersberger et al. 2003). The AN may also
support root accelerated mineralization of SOM (Peralta
and Wander 2008). Moreover, GFG-dominated meadows
had lower pH values, which may impact plant rhizosphere
secretion, soil acidity, and the organic acids released during
the decomposition process.

5 Conclusions

In conclusion, plant functional group types that were
dominated either by grasses or by forbs played an important
role in determining the relationships of aboveground
vegetation and belowground soil chemical properties. TheT
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GFG species induced positive feedback effects on soil
nutrient accumulation and cycling in alpine meadows.
These imply that natural increases in, or the introduction
of more, grass species in forbs-dominated meadows may
improve soil nutrient conditions since GFG-dominated
meadows were associated with relatively higher soil
nutrient availability than FFG-dominated meadows. Our
findings suggest that the proportion of GFG may be an
indicator of the soil chemical properties in these studied
meadow types. Our observations may promote a better
understanding of plant–soil feedbacks and soil nutrient
cycling in plant communities dominated by different plant
functional groups. However, a series of comprehensive
research studies on specific plant species, soil interaction
processes, and the feedback mechanisms at different times
of the year should be conducted.
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