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Abstract: The hump-shaped relationship between plant species richness and biomass is commonly observed at
fine scale for herbaceous vegetation in temperate climates. This relationship predicts that herbaceous species
richness is highest at an intermediate level of biomass that corresponds to moderate competition or disturbance.
However, this relationship has not previously been investigated in high arid sub-alpine mountain grasslands. We
tested the humped-back prediction in the arid Trans-Himalayan mountain grassland with a seasonal grazing
system. The study area is located in the bottom of a U-shaped valley, in the Manang district (3500 m a.s.1.). We
sampled two hundred plots (Im X 1m) in two different types of pastures: common pasture and old field, which
both have similar grazing practices. There was a significant unimodal relationship between species richness and
biomass only in the common pasture, and when the two sites were analyzed together. The species turnover is
estimated by DCA in standard deviation unit. The turnover was lower in the old field than in the common
pasture. The unimodal relationship between plant species richness and biomass did not disappear after
accounting for unknown environmental gradients expressed as DCA (detrended correspondence analysis) axes
and spatial variables. The species richness is highest at 120 + 40 g/mz. The results indicate that a hump-shaped
relationship is also found in arid Trans-Himalayan grasslands.
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INTRODUCTION

The relationship between species richness and biomass or productivity has been a central
focus in community ecology (e.g. GRIME 1973, 1979, 1997, ROSENZWEIG 1992, 1995,
HUSTON 1994, ABRAMS 1995, JOHNSON et al. 1996, GRACE 1999, WAIDE et al. 1999,
MITTELEBACH et al. 2000, FOX 2003, CORNWELL & GRUBB 2003, VENTERINK et al. 2003).
This relationship has been investigated since the mid-1960s (CONNELL & ORIAS 1964,
MACARTHUR & PIANKA 1966), but the causal mechanisms have been in dispute for almost as
long (see VALENTINE 1976, ELSETH & BAUMGARDNER 1981, OKSANEN 1996, BROCQUE &
BUCKNEY 2003). The relationship between herbaceous biomass and richness often has a
hump-shape with a peak in species richness at a low to intermediate level of biomass (GRIME
1979, 1997). At a very low level of biomass, richness is primarily limited by the inability of
a species to survive the abiotic conditions. In this range, an increase in biomass reflects
a decrease in the harshness of the environment. Above some point roughly corresponding to
the peak species richness, the abiotic environment is presumably amenable to most species.
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At higher levels of biomass the decline in species richness is believed to be due to competitive
exclusion (GRIME 1973, HUSTON 1994, GOUGH et al. 1994). ROSENZWEIG (1995)
emphasized that it is the decline at high biomass level that is the unsolved puzzle, whereas the
positive correlation between richness and biomass is inevitable, and some authors classify it
as a sampling artefact, i.e., more biomass, more individuals, higher probability for more
species (MAY 1975, cf. OBA et al. 2001). The decline of species richness at high biomass is the
crucial question for its application in conservation and management of grassland (VAN DER
MAAREL 1997, OBA et al. 2001).

Several studies have indicated that the relationship may differ when a range of different
habitats are analyzed together, i.e., high beta diversity, compared to when only one vegetation
type is analyzed (MOORE & KEDDY 1989, GUO & BERRY 1998, VIRTANEN et al. 2000,
GROSS et al. 2000, OBA et al. 2001). From literature survey, MITTLEBACH et al. (2000)
reported that at smaller spatial scales hump-shaped relationships are dominant both for
within-community type and for across-community type, but percentage of the occurrence of
hump-shaped curves is higher at the latter condition. WAIDE et al. (1999) reported that
unimodal relationships are three times more common than the positive relationship at the
between-communities scale.

Most of the studies, where biomass has been related to species richness, have been done in
temperate grasslands (e.g. WALKER & PEET 1983, DURING & WILLEMS 1984, SHMIDA &
ELLNER 1984, WILLEMS et al. 1993, KLIMES 1995, WAIDE et al. 1999 and reference therein,
RYDIN & BARBER 2001) and wetlands (e.g. WHEELER & GILLER 1982, WILSON & KEDDY
1989, WHEELER & SHAW 1991, GOUGH et al. 1994, GRACE & JUTILA 1999). Not many
studies have been undertaken in the alpine region or in arid and semi-arid areas (but see
GRYTNES 2000, WILSON et al. 2000, OBA et al. 2001). However, no study has, to the best of
our knowledge, evaluated the relationship between biomass and species richness in dry and
high mountain grasslands. In dry regions competition is assumed to be weak (GUO & BERRY
1998), and in such relatively unproductive areas, external factors such as moisture or other
environmental factors are thought to be much more important than internal interactions
(DARWIN 1859, NOY-MEIR 1973, GRIME 1979, VETAAS 1993). This study’s aim is to test the
prediction deduced from the hump-shaped model in arid mountain grassland. Specifically this
study addresses the following issues: (1) to quantify the relationship between species richness
and biomass in arid sub-alpine grasslands in the Himalayas, (2) to evaluate the importance of
compositional gradient length on this relationship, and (3) to evaluate the strength of the
unimodal relationship after accounting for unknown environmental gradients expressed as
ordination scores and spatial variables (i.e., distances among the plots).

MATERIALS AND METHODS
Study area

The study area is located in the Manang district, within the Annapurna Conservation Area,
in north-central Nepal, latitude 28° 40’ N and longitude 84° 01’ E (Fig. 1). It is situated at
3500 m a.s.l. in the Trans-Himalayan region between the Himalayan range and the Tibetan
Plateau. The grasslands are found on fluvio-glacial deposits in the bottom of a U-shaped
valley extending from north-west to south-east, along the Marsyandi River. The area is north
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Fig. 1. Map showing the location of the study area in Manang, central Nepal.

of the massive Annapurna range with a maximum elevation above 7000 m a.s.l. Thus the area
receives little of the monsoon rain that comes from the south-east. The mean annual
precipitation during the year is ca. 400 mm (ANONYMOUS 1995). The mean
maximum/minimum temperatures were recorded (Jomsom, nearest comparable station) as
7.9 °C / -1.75 °C in winter and 22.6 °C / 14.15 °C in summer during 1995 (ANONYMOUS
1999). Snow is common during winter.

There is decreasing moisture from east to west in the upper Manang valley, and the
south-facing slopes are significantly drier than those facing north. This is reflected in the
vegetation and forest formation. At 3000 m a.s.l. there are forests of Picea smithiana, Quercus
spp., and Tsuga dumosa. At higher elevations (above 3000 m a.s.1.), there is Pinus wallichiana
and Betula utilis forest on the north-facing slopes, and Juniperus indica and Rosa spp. shrubs
on dry south-facing slopes (MIEHE 1982). The valley bottom is in an intermediate situation,
and Pinus wallichiana forest is the mature vegetation where grazing and forest cutting is
restricted. Above the timberline (4000-4300 m a.s.l.) there is a harsh continental climate,
which allows only steppe vegetation similar to that of the Tibetan plateau (MIEHE 1982).

The dominant land-use is agriculture with domestic animals such as yak, horse, mule,
sheep, and goats grazing the alpine pastures above the timberline (4300 m a.s.l.) during the
summer. In the winter these animals are brought down to graze the grasslands of the lower
slopes and valley floor.
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Field sampling

The sampling was done during September and October 2000, prior to the domestic cattle’s
return from the high alpine summer pasture. We sampled two hundred plots (Im X 1m) in two
grasslands sites (here referred to as sites [ and II), ca. 1 km apart. Site [ is a common pasture,
which has been used for grazing for more than a century. Site Il is an old field or fallow land,
which has been abandoned for the last 15 years, and used to cultivate wheat, barley, potato,
and buckwheat in the past. Two different sites were chosen with the criterion that they should
be as homogeneous as possible. Thus, both sites have a similar physiognomic type of
vegetation and are mostly dominated by species of Artemisia and grasses (Stipa sp.,
Piptatherum aequiglumis, Pennisetum sp.) but in site I species like Rumex nepalensis, Lotus
corniculatus, Taraxacum spp., which grow in more productive areas, were more common. All
these species are palatable to cattle. The moisture condition in site I increases from one end of
the transect to the other, but site IT is more uniform. Site I and site IT are located ca. 200 m and
ca. 250 m respectively away from river. The river is deep so there is no probability of flooding
over the areas. The domestic animals are in mountain pasture during the summer months
(May to September), but they are brought down to the study area for grazing during the winter
season (October to April). Both study sites have experienced the same grazing practice for the
last 15 years. The stratified random sampling procedure was used in both sites. Sampling
followed a subjectively chosen transect line (ca. 300 m in 120° Eastern direction). The central
plots were made along the transect line. The first plot was placed at the start of the transect line
and the distance to the next plot (here called x-distance), was chosen randomly between 1 and
10 m. From each of these central plots two plots were placed on each side (i.e., north and
south) of the transect line. Distances were randomly chosen between 1 to 20 m, called the
y-distance. If a plot hit a large stone or woody shrub, the location was moved Im further on.
Thus the position of all the plots is known. The variable species richness may exhibit distance
decay (TOBLER 1969), which means that species richness in two nearby plots is on average
more similar than species richness in more distant plots. We used the spatial variables
(x-distance and y-distance) to account for any potential spatial trends, i.e., spatial
autocorrelation (LEGENDRE 1993), in the regression analyses.

The species richness is defined as the total number of species occurring within one square
metre, which is a common plot size in these type of analyses (e.g. GRIME 1973, AL-MUFTI et
al. 1977, MARANON & GARCIA 1997, OBA et al. 2001, and references therein). All the
vascular plant species rooted inside the 1 m? plots were recorded, and standing, above-ground
biomass was clipped at ca. 0.5 cm above-ground level and harvested. The harvested biomass
from all plots was dried in a sunny and windy place in the field. Dry weight was taken 10 days
after harvesting and continued until a constant weight was obtained (e.g. WHEELER & SHAW
1991).

Numerical analysis

We used generalized linear models (GLM; MCCULLAGH & NELDER 1989, DOBSON 1990,
HASTIE & PREGIBON 1993), which were performed separately for the two sites as well as for
them combined to elucidate the relationship between species richness and biomass.
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We used species richness as the response variable and biomass as the explanatory variable
(MOORE & KEDDY 1989, GOUGH et al. 1994, GUO & BERRY 1998, GRYTNES 2000, OBA et
al. 2001). A preliminary analysis indicated a severely skewed distribution towards low
biomass, thus a logarithmic transformation of biomass was made. The response variable,
species richness, is discrete data (counts) and a Poisson distribution of error was assumed
(MCCULLAGH & NELDER 1989), and a logarithmic link was used in the GLM. These
assumptions were evaluated by comparing the residuals of the analysis with the residuals
from models by using an identity link function (assuming normal distributions of error)
(HASTIE & PREGIBON 1993). The Poisson models seemed reasonable when examining the
residuals with diagnostic plots. Unimodality was evaluated by testing the significance of the
model including a second order polynomial term against a linear model. The explanatory
variable was tested until the third order polynomial. The adequacy of the fitted models was
confirmed by plotting standardized residuals against fitted values, and by the normal
probability plots of the fitted values (CRAWLEY 1993). An F-test was used, as most of the
deviance was underdispersed (HASTIE & PREGIBON 1993).

Detrended correspondence analysis (DCA; HILL & GAUCH 1980), with detrending by
segments and non-linear rescaling was used to: (i) describe the difference in species
composition between the sites, (ii) estimate the compositional gradient length in SD-units
(HILL 1973, LEPS & SMILAUER 2003) (i.e., beta diversity) at each site and both sites
combined, and (iii) derive the DCA plot scores, which were subsequently used to account for
unknown environmental gradients (e.g. OBA et al. 2001). We used presence-absence data for
calculation. Preliminary analyses detected some outliers in site I, which caused a very long
gradient (SD = 5.7). These were excluded (GAUCH 1980), and the gradient length was
decreased to 3.3 SD-units. The area is arid and one may expect that biomass and species
richness are influenced by an environmental gradient in the grassland. To check for this, we
used a DCA plot score as a covariable to evaluate whether the relationship between biomass
and species richness was statistically significant after accounting for any environmental
gradients captured by DCA axis I. DCA is the most accessible and widely applied indirect
ordination method in vegetation science (e.g. VAN DER MAAREL et al. 1985, OKLAND &
EILERTSEN 1996, EJRNES 2000, EXNER et al. 2002, LEPS & SMILAUER 2003). It is popular
for providing an effective approximation of the underlying environmental gradients in a data
set and results are less influenced by rare species (TER BRAAK & PRENTICE 1986, TER BRAAK
1995). The first DCA axis addition to log biomass and (log biomass)2 was related to species
richness to account for the effect of underlying environment gradients; which is assumed to be
a moisture gradient (see below). The regression with spatial variables (i.e., X-distance and
y-distance) was done to check the dependency between the observations of the response
variables that can be described by spatial autocorrelation (LEGENDRE 1993). To check this we
used a generalized additive model (GAM; HASTIE & TIBSHIRANI 1990), with the species
richness as the response variable, and the two spatial variables as the explanatory variables.
The GAM is a flexible method where both linear and smoothing methods, as well as a mixture
of the two, can be applied. A smoothing spline function in the framework of the GAM was
used. No priori shape of the relationship between the species richness and the spatial variables
was assumed. Therefore nine different models for each spatial variable (x-distance and
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Table '1. Summary of' DCA resu.lts, 'correlation y—distance) were made including the null
coefficient (r) between biomass, species richness and .
- L model that there was no relation to the
ordination axes. n.s. — non-significant. . . . X
geographical or spatial variable. The nine
Ordination axis I 11 models were set up in GAM with a smoothing
spline, where the first model used one degree
of freedom, the second model used two

Site I. Common pasture

Eg:gaglflegradiem (3)3? g;i degrees of freedom, and so on. These nine
Cumulative % variance 9.10 14.6 models were then simultaneously tested with
Biomass (r) 0.50 0.41 Mallow’s Cp, a variant of cross validation test
Species richness (r) -0.58 -0.27 (HASTIE & TIBSHIRANI 1990), and models
Site 11 OId field with the .lowest' Cp value were selected for
Eigenvalue 0.23 0.15 each spatial variable. The azddmon of the log
Length of gradient 2.92 2.08 biomass and (log biomass)~ was tested after
Cumulative % variance 8.80 14.70 accounting for each spatial model to account
Biomass () -0.35 n.s. for the effect of spatial variables. Even
Species richness (r) 023 - though this procedure will not completely
Combined I & 11 remove the effect of spatial autocorrelation, it
Eigenvalue 0.59 0.311 can reduce the effect of autocorrelation on the
Length of gradient 4.12 2.94 relationship between the species richness and
Cumulative % variance 8.0 12.20 biomass.

Biomass (r) n.s. -0.19 .

Species richness (7) 024 026 There may be several differences between

the two sites, so there may be some
confounding factors that may influence the
species richness biomass relationship when the sites are combined. To account for these
factors we made dummy variables, taking only the values 0 for site I and 1 for site II, which
were used as co-variables, to check whether the species richness biomass relationship would
still be significant after accounting the site effects. The difference in mean species richness
between the two grasslands was tested by a student #-test. We used S-Plus (version 4.5) and
CANOCO for Windows ver. 4 for regressions and ordination, respectively.

RESULTS
Species composition

The summary of DCA results is presented in Table 1. The variation of species composition
in the total data was large (SD = 4.12), whereas the gradient length was shorter in the two
sub-sets (SD = 3.3 and 2.9 for site | and site I respectively). Figure 2 shows that the two sites
are fairly well separated and that each site represents a lower beta-diversity than the two
sub-sets combined (Table 1). When sites I and II are combined, the first DCA axis separates
the two sites. The eigenvalue of the first DCA axis was larger than 0.50, which indicates a
good dispersion of species along the axis. The variance explained by the first DCA axes are
statistically significant in all analyses (Table 3), but it explained only 8% to 9% of the species
data. The low percentage of the variance explained by the axes is probably due to the larger
number of species and the many zero values, but the significance of variances explained by
axes is much more important than amount of variance explained. Site I is characterized by
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Fig. 2. (a) DCA diagram (horizontal axis-1 and vertical axis-2) with
samples, two different symbols representing the two different grassland
sites: (O) indicates site I, and (A) indicates site II. (b) DCA diagram with
plots (O), where plots with high biomass (A) are dispersed in the central
part of the diagram.

more moisture-loving species,
such as Juncus royleana var.
himalaica, Kobresia sp. and
Kobresia  pseuduncinoides
found towards the negative
end of DCA-axis one. Species
with an affinity to arid
habitats, such as Artemisia
sieversiana, Piptatherum
aequiglumis and Stipa sp. are
found towards the positive end
of axis one and are more
common on site II. Species
that  occurred in  the
intermediate position, include
Poa pagophylla, Cynoglossum
wallichii, and Sonchus
wightianus. Thus this axis
probably reflects a gradient of
moisture. The ecological
meaning of the second DCA
axis is also to some extent
interpretable.  Species that
grow in nitrogen-enriched
habitats, such as Rumex
nepalensis and Taraxacum sp.
have high scores, and species
like Aster indamellus and
Saussurea stracheyana that
grow in marginal habitats have
low scores. This indicates that
the second DCA-axis may
reflect soil nitrogen

conditions. A similar moisture gradient was interpreted when only site I was included in the
analysis. Only the first DCA-axis is used in the regression analysis, because the eigenvalue of
axis one (> 0.50) is considerably larger than the subsequent axes.

Relationship between species richness and biomass

We recorded 83 herbaceous species at site [ and 40 at site I (old field), but mean species
richness is higher at site 1T (11.2 species/mz) than site I (10.3 species/mz). This difference is
statistically significant (¢=- 2.44, d.f. =198, P <0.05), although the difference is less than one
species (0.9 species/mz). Although both sites are located in same elevation and surrounded by
similar geo-morphological features there are only 25 species that are common to both sites.
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Table 2. Summary statistics of generalized linear model (GLM). Number of herbaceous species per square metre
are regressed against a linear and quadratic term of log-biomass in two different sites (I, I and combined).
d.f. — degrees of freedom.

Sites Variables d.f. Explained Residual F-value P-value
deviance deviance
Site | null 97 85.12
log biomass) 96 4.7 80.42 5.85 0.017
(log biomass) 2 95 7.13 73.29 9.72 0.002
Site II null 99 26.98
log biomass 98 0.01 26.98 0.31 0.85
(log biomass) 2 97 0.09 26.88 0.35 0.55
Combined I & 11 null 198 114.93
log biomass 196 5.14 109.79 9.33 0.002
(log biomass) 2 195 6.56 103.22 13.06 0.0003

The difference in species richness between plots is higher at site I (range: 3—18 species/mz)
than at site II (range: 6-15 species/mz). The range of biomass is also higher at site I (range:
50-1020 g/mz) than site II (range: 30-290 g/mz). Species richness and biomass are both
significantly correlated with the first DCA-axes at both sites (Table 1). Species richness is
correlated with the first DCA-axis when the two sites are combined, but biomass is not
(Table 1).

The response in species richness to biomass was different in the two sites (i.e., grasslands)
(Table 2, Fig. 3). A statistically significant unimodal relationship was found at site I, but there
was no significant relationship between biomass and species richness at site II. The unimodal
relationship between species richness and biomass was also significant when the sites were
combined. Maximum species richness was found in the biomass interval between ca. 115-160
g/m2 at site I, and ca. 80-140 g/m2 when the two sites were combined (Figs. 3a and 3c).

There was a significant relationship between x-distance and species richness, shown by
GAM (with 8 d.f.) with F-value as 5.4 (P < 0.001), but y-distance was not significant
(Table 3). In the combined sites, we did not use the spatial variable due to their different
locations (about one km distance) and used only the first DCA axis and site factors, both of
which significantly explained the species richness.

The unimodal or hump-shaped relationship between species richness and biomass was also
significant after accounting for the unknown environmental gradient expressed as the first
DCA-axis and spatial variables (Table 3). This indicates that the unimodal relationship
between species richness and biomass is not confounded with the environmental gradients
represented by the first DCA-axis and spatial variables. In the combined site, the hump shape
did not disappear after taking the first DCA axis and site factors into account. The
hump-shaped pattern was still significant when four plots with high biomass (> 700 gm) were
excluded from the same analysis. This indicates that the hump-shaped pattern is not
dependent on a few high biomass-yielding plots.
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Fig. 3. The relationship between herbaceous species richness and
biomass in an arid high sub-alpine grassland: (a) a significant
relationship at site I (common pasture), (b) a non-significant
relationship at site II (old field), and (c) a significant relationship
when sites I and Il are combined. The fitted lines in (a) and (c) are
based on a second order polynomial regression with generalized
linear models.

DISCUSSION

Species richness and hump
pattern

The unimodal or hump-shaped
relationship ~ between  species
richness and biomass is tested with
data  from arid sub-alpine
grasslands. The result agrees with
earlier studies (e.g. GRIME
1973,1979, AL-MUFTI et al.1977,
GROSS et al. 2000). However, there
was no relationship between
species richness and biomass at site
IT (old field). This site is in the
process of succession and has short
range in biomass, it also has the
shortest gradient length (SD = 2.9,
Table 1). The compositional
gradients are relatively longer at
site I (SD = 3.3) and at the two sites
combined (SD = 4.1) where the
hump model was observed.
Although the beta diversity was not
very different, this may indicate
that the hump-backed model
depends on the magnitude of
species turnover between the plots.
This is consistent with the findings
of GUO & BERRY (1998) and
GOUGH et al. (1994), GROSS et al.
(2000) who argue that the humped
pattern is a result of the floristic
heterogeneity, and will only be
detected when sampling covers

total gradient of different microhabitats (MOORE & KEDDY 1989). Many studies have
suggested that a unimodal relationship is most common between vegetation types rather than
within a single vegetation type (RICKLEFS & SCHLUTER 1993, MOORE & KEDDY 1989,
WAIDE et al.1999, VIRTANEN et al. 2000, MITTLEBACH et al. 2000). On the contrary,
GRYTNES (2000) reported the unimodal relationship between species richness and biomass at

a fine scale (within a vegetation type).

A short floristic gradient may also mean a short biomass gradient, as in this study. It is
therefore possible that the lack of a statistically significant relationship at site II is due to the
short biomass gradient, which only captures a part of the humped relationship (cf. GRACE



66 K.R. Bhattarai et al.

Table 3. Summary of regression statistics after accounting for DCA axisland spatial variables in site I, and DCA
axis and site factors in the combined sites (site I and site II). Polynomial regression is used within GAM for
spatial variables but restricted to GLM for the DCA model. Each model is described by the explanatory variables
used, where (p, x) is polynomial regression with x degrees of freedom used, and (s, x) is GAM smoothing spline
with x degrees of freedom. The test refers to which models are tested against each other. d.f. = degrees of
freedom, logbiom = log biomass, n.s. — non-significant.

Models  Models Test d.f.  Residual Explained F-value P-value
no. deviance  deviance
Site I
(a) Accounting for DCA axis
0 Null 97 85.12
1 DCALl 1vs.0 96 58.15 26.99 46.84 P <0.001
2 +logbiom (p,1) 2vs.1 95 57.42 0.71 1.23 n.s.
3 +logbiom (p,2) 3vs.1 94 50.81 7.34 719  P<0.012

(b) Accounting for space

0 Null 97 85.12

1 xdis (s,8) 1vs. 0 88 58.07 27.05 540  P<0.001

2 +logbiom (p,1) 2 vs.1 87 57.82 0.24 0.39 n.s.

3 +logbiom (p,2) 3vs.1 86 49.68 8.39 7.73 P <0.001
(c) Accounting for both a & b

0 Null 97 85.12

1 xdis (s,8)+DCA1 1vs. 0 87 51.24 33.87 6.7 P <0.001

2 +xdis (s,8)+DCAl+logbiom(p,1) 2 vs.1 86 51.13 0.11 0.2 n.s.

3 +xdis (s,8)*DCAl+logbiom (p,2) 3 vs.1 85 44.61 6.64 6.75 P<0.019
Combined sites
Accounting for DCA axis

0 Null 197 114.93

1 DCAl 1vs.0 196 108.61 6.32 1223 P<0.001

2 +logbiom(p, 1) 2 vs.1 195 100.77 7.83 16.17 P <0.001

3 +logbiom (p,2) 3vs.1 194 96.13 4.064 13.53  P<0.001
Accounting for site factors

0 Null 197 114.93

1 Site factor 1vs.0 196 112.12 2.82 5.06 P <0.025

2 +logbiom(p,1) Ivs.2 195 109.42 2.71 4.98 P <0.026

3 +logbiom(p,2) 2vs.3 194 102.85 6.57 1296 P<0.001

1999). GUO & BERRY (1998) reached a similar conclusion when they reported that the
unimodal relationship exists only when a large range of biomass is sampled. However,
GRYTNES (2000) reported a unimodal relationship in a very small range of biomass, and a
linear relationship in a larger range of biomass, but the plot size was only 0.04 m”.
Mechanisms underlying the hump-shaped pattern in the species richness-biomass
relationship have been much debated. GRIME (1973) suggests that species richness in
herbaceous vegetation is controlled by antagonistic forces of inter-specific competition and
disturbance (stress). In stable, productive habitats, competitively dominant species are able to
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monopolize space, excluding inferior competitors from the community. Biomass is high but
species richness is low in such environments. In an environment with high disturbance (low
productivity), only a few species persist, and standing crop (biomass) is also low. The highest
species richness occurs at the intermediate level of biomass with moderate disturbance or
productivity (GRIME 1973, 1979). There are few plots that contain low species numbers even
at intermediate levels of biomass and this may be the reason the observed relationship is a sort
of “filled” hump-shape (VENTERINK et al. 2003).

Robustness of the humped pattern

The present results show that the unimodal pattern did not disappear after accounting for
unknown environmental gradients that are expressed as ordination axis and that explain
a significant fraction of the variation (ca. 6.5%—27%, Table 3), indicating the importance of
environments. Although it is assumed that arid ecosystems are driven more by external
factors, such as moisture, than internal interactions (NOY-MEIR 1973, DEANGELIS &
WATERHOUSE 1987, ELLIS & SWIFT 1988, FERNANDEZ-GIMENEZ & ALLEN-DIAZ 1999,
FYNN & O’CONNOR 2000, OBA et al. 2000, 2001), these results may indicate that other
factors, such as competitive exclusion may also be important in explaining the decrease of
species at high biomass (cf. MARANON & GARCIA 1997). In plots where biomass is high, only
a few dominant species will monopolize the available resources (GRIME 1973, 1979). In this
study the plots with high biomass are often dominated by Artemisia spp. and tuft forming
grasses, such as Stipa sp. and Piptatherum aequiglomis. These species grow taller (ca. 0.2-0.5
m) and denser than other small stature species such as Lotus corniculatus L., Medigo sativa
L., Gentianella sp. that cannot compete for resources.

The importance of environmental factors has been emphasized in wetlands, where only a
few large species can tolerate extreme environmental conditions (GARCIA et al. 1993, GOUGH
et al. 1994, GRACE et al. 2000). However, the plots with very high biomass (# = 12) in the
present study appear rather dispersed in the central part of the ordination diagram (Fig. 2).
This suggests that these plots do not have extreme environmental conditions that could have
excluded many species in the local flora.

The hump-shaped relationship between species richness and biomass (site I) did not
disappear after accounting for spatial variables (Table 3). Only the x-distance variable is
related to species richness. The hump was still significant after accounting for the first
DCA-axis scores and the spatial variables. This shows that the spatial variables (x- and y-
distances) and the unknown underlying gradient do not confound the biomass-species
richness relationship.

Maximum species richness and low biomass level

We found maximum species richness at relatively low biomass (120 + 40 g/mz). This is
much lower than the model developed by GRIME (1973), which predicts maximum species
richness of between 350 and 500 g/mz. The difference in overall productivity in an arid
sub-alpine grassland (3500 m a.s.l.) compared to temperate grassland may account for this
discrepancy. Productivity in arid regions is generally limited by moisture. Low moisture
conditions may constrain nutrient supply (particularly nitrogen) in soil, which limits the
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primary production (LUDWIG et al. 1989). From a literature survey, WAIDE et al. (1999)
observed very low productivity in dry ecosystems compared to other terrestrial biomes. In the
arid region, below-ground productivity is relatively higher than above-ground productivity
(LUDWIG et al. 1989). This indicates that root competition brings a decrease in species
richness at high biomass. However, from this data set it may not be possible to distinguish
between above-ground and below-ground competition in determining the hump-shaped
relationship. Ephemeral species frequently occur in arid regions, which generally have very
low biomass. We have observed the occurrence of several annual herbaceous species (e.g.
Chenopodium album and Polygonum sp.), growing in minute forms among the most dominant
species (e.g. Piptatherum aequiglumis, Stipa capensis, Artemisia caruifolia). Having small
stature due to low productivity, being sometimes less than 1 ¢cm high, they contribute to
species richness but their contribution to biomass is negligible. The documented optimum
level, however, is also much lower than that found in arid grasslands (OBA et al. 2001), where
maximum species richness was at a similar interval to that of Grime’s model (GRIME 1973).

The presented hump-back relationship was assessed by accounting for unknown
environmental gradients, pure spatial variables, site effects and the removal of four high
biomass plots. All these analyses indicated the significance of the relationship. In conclusion,
this study presents evidence for a unimodal relationship between species richness and
biomass in arid sub-alpine grasslands of the central Himalayas. Although the environmental
factors are considered much more important in an arid ecosystem, the importance of internal
interaction should also not be overlooked in the biomass-species relationship. However, this
still needs to be verified in further studies.
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