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Abstract Positive relationships between species rich-
ness and ecosystem processes such as productivity or ni-
trogen cycling can be the result of a number of mecha-
nisms. We examined how species richness, biomass, and
legume presence, diversity, and abundance explained ni-
trogen dynamics in experimental grassland plots in
northern Sweden. Nitrogen concentrations and δ15N val-
ues were measured in plants grown in 28 mixtures 
(58 plots) including 1, 2, 4, 8 or 12 local grassland spe-
cies over four years. Values for δ15N declined over time
for all three functional groups (grasses, legumes, and
non-leguminous forbs), suggesting greater reliance on N
fixed by legumes over time by all species. Above ground
percent nitrogen (%N) also declined over time but root
%N and total N did not. Path analysis of above ground
data suggested that two main factors affected %N and
the size of the N pool. First, higher plant diversity (spe-
cies richness) increased total N through increased bio-
mass in the plot. Although in the first two years of the
experiment this was the result of a greater probability of
inclusion of at least one legume, in the last two years di-
versity had a significant effect on biomass beyond this
effect. Second, percent legumes planted in the plots had
a strong effect on above ground %N and δ15N, but a

much smaller effect on above ground biomass. In con-
trast, greater plant diversity affected N in roots both by
increasing biomass and by decreasing %N (after control-
ling for effects mediated by root biomass and legume
biomass). Increased legume biomass resulted in higher
%N and lower δ15N for both non-legume forbs and
grasses in the first year, but only for grasses in the third
year. We conclude that a sampling effect (greater proba-
bility of including a legume) contributed towards greater
biomass and total N in high-diversity communities early
on in the experiment, but that over time this effect weak-
ened and other positive effects of diversity became more
important.

Keywords Nitrogen fixer · Sampling effect · Species
richness · Stable isotopes

Introduction

In recent years the number of studies experimentally
evaluating the effect of plant species diversity on ecosys-
tem functioning has increased dramatically (e.g. Naeem
et al. 1996; Tilman et al 1996; Hooper and Vitousek
1998; Hector et al 1999; see review in Schmid et al.
2001). Most have focused on how changes in plant di-
versity (primarily species richness) affect productivity.
Many studies also report on some aspects of soil nutrient
status (e.g. Wardle et al. 1997; Hooper and Vitousek
1998; Symstad et al. 1998), but nutrient dynamics of
plants have received little attention in these studies. A
Europe-wide study of the relationships between species
richness and ecosystem functioning in experimental
grasslands (BIODEPTH) found a positive relationship at
many of the sites, including our site in northern Sweden
where productivity increased approximately linearly
with increased species richness (Hector et al. 1999). This
study expands on that work by examining plot-level pat-
terns in nitrogen dynamics at the Swedish site over the
course of four years. Nitrogen dynamics in plant com-
munities (particularly experimental ones) are likely to
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vary over time, as plant and microbial communities
change. We examined patterns during four growth sea-
sons that allowed us to distinguish between initial ef-
fects, transient effects, and longer-term trends.

We focus on the effects of species richness, the pres-
ence and number of legumes, and legume abundance
(percent of total biomass) on productivity and nitrogen
dynamics (%N, total N, and δ15N). This allows us to dis-
tinguish between several mechanisms that have been
proposed to link species richness, productivity, and nitro-
gen dynamics. For example, the increased biomass at
higher diversities seen in some studies (Naeem et al.
1996; Tilman et al. 1996; Hector et al. 1999) may repres-
ent a “sampling effect” (Aarssen 1997; Huston 1997;
Wardle 1999): an increased probability of including spe-
cies with N2-fixing symbionts (“N2 fixers”) such as le-
gumes. Legumes not only provide much of their own ni-
trogen through N2 fixation, thereby reducing competition
with other species, but may also increase soil nitrogen
for other species through leaching or decomposition. Al-
ternatively, increased diversity could lead to greater
niche complementarity, which in turn could result in a
greater total N supply to the plant community. Different
species may have different rooting depths (Berendse
1979, 1981, 1983), vary in their ability to exploit high-
nutrient patches (Farley and Fitter 1999) or in their rela-
tive uptake rates of different types of N (Nordin et al.
2001), or show temporal separation in nutrient uptake
(Van den Bergh and de Wit 1960; Berendse 1983; Hooper
and Vitousek 1998). A third possibility is that greater
species richness results in greater microbial diversity and

higher decomposition rates, although there is currently
little experimental support for this hypothesis (Finlay et
al. 1997; Wardle et al. 1997; Hector et al. 2000).

The extent to which growth form (e.g. herbaceous vs
graminoid, or annual vs perennial) and relative domi-
nance of non-N2-fixing species (hereafter “non-fixers”)
affect their ability to benefit from the presence of N2 fix-
ers will determine how relationships between species
richness and productivity are altered by the inclusion of
N2 fixers. For example, if inclusion of an N2 fixer pri-
marily increases growth rates of large dominant species,
then the relationship between species richness and pro-
ductivity will be positive as a result of a double sampling
effect: increased probability of including an N fixer and
increased probability of including a large dominant spe-
cies that benefits from additional N availability. In other
words, in multi-species plant communities, species traits
(such as ability to respond to higher nutrient levels) as
well as competitive interactions may determine the
mechanisms by which N2 fixers affect relationships be-
tween diversity and productivity, and the extent to which
they do so. We examined effects on individual species
and their dominance levels to evaluate this possibility.

Materials and methods

Site description and experimental design

The field site was located at the Swedish University of Agricultur-
al Sciences in Umeå, Sweden (63°45′Ν, 20°17′Ε, 12 m a.s.l.). The
soil was a fine silty sand with little clay (4.1% clay, 57.9% silt,

Table 1 Experimental design.
Two plots were planted with
each combination listed, except
for the 12-species plot of which
four replicates were planted.
Species abbreviations are as
follows: Am = Achillea millefo-
lium, Dg = Dactylis glomerata,
Fo = Festuca ovina, 
Lv = Leucanthemum vulgare,
Lc = Lotus corniculatus, 
Pa = Phalaris arundinacea, 
Pp = Phleum pratense, 
Th = Trifolium hybridum, 
Tp = Trifolium pratense, 
Tr = Trifolium repens, 
Raa = Ranunculus acris, 
Rua = Rumex acetosa. Note
that the mean for each func-
tional group at each diversity
level =33% and that each spe-
cies is represented equally at
each diversity level

Diversity Grasses Legumes Forbs Percent legumes

1 Dg – – 0
1 Fo – – 0
1 Pa – – 0
1 Pp – – 0
1 – Lc – 100
1 – Th – 100
1 – Tp – 100
1 – Tr – 100
1 – – Am 0
1 – – Lv 0
1 – – Raa 0
1 – – Rua 0
2 Da Pa – – 0
2 Pp Tp – 50
2 – Lc Lv 50
2 Fo – Am 0
2 – – Raa Rua 0
2 – Th Tr – 100
4 Pa Pp Lc Tp – 50
4 – Th Tr Lv Raa 50
4 Dg Fo – Am Rua 0
4 Dg Pa Lc Lv 25
4 Pp Tp Raa Rua 25
4 Fo Th Tr Am 50
8 Dg Fo Pa Pp Th Tr Raa Lv 25
8 Dg Fo Lc Th Tp Tr Am Rua 50
8 Pa Pp Lc Tp Am Lv Raa Rua 25

12 Dg Fo Pa Pp Lc Th Tp Tr Am Lv Raa Rua 33



tions within each quadrant of the plot in late August. Roots were
carefully hand-washed on a screen (sieve size 100 µm), dried at
60°C for 24 h, and weighed. Roots from different species could
not be distinguished. Samples were ground in a ball mill and ana-
lyzed for total N and δ15N (see below).

The use of stable isotopes has greatly facilitated the study of
nitrogen dynamics in natural communities (e.g. Handley and
Scrimgeour 1997; Högberg 1997). During biological nitrogen fix-
ation, N is obtained from atmospheric N2, a process which results
in δ15N values close to 0‰ (see review in Högberg 1997). In con-
trast, the acquisition of N from soil may result in δ15N values dis-
tinctly different from 0‰ (Högberg 1997). Plant species which
form symbioses with nitrogen fixing bacteria, such as legumes,
therefore commonly have δ15N values closer to 0‰ than non-N2
fixers, and approach this value as the dependence on N2 fixation
increases. In agricultural settings, non-fixers are usually well
above 0‰, while in forests and many other natural ecosystems
non-fixers may be above or below 0‰ (Högberg 1997). Above
ground samples of each plant species (1996, 1998) or pooled plant
communities (1997, 1999) were analyzed for %N and for 15N
abundance using an online CN analyzer (Europa Scientific
ANCA-NT) coupled to an isotope ratio mass spectrometer (Eur-
opa Scientific Europa 20–20; Barrie and Lemley 1989; Ohlsson
and Wallmark 1999). Results for 15N abundance are expressed as
δ15N in parts per thousand (‰) relative to the international stan-
dard (atmospheric N2, at 0.3663 atom %; Junk and Svec 1958;
Mariotti 1983):

(1)

where R= molar ratio of 15N / 14N.
Pooled above ground samples for each plot were analyzed for

%N and δ15N in all four years, but samples were analyzed by spe-
cies in 1996 and 1998 only. Roots (pooled per plot) were analyzed
for %N in 1996, 1997 and 1998 and δ15N in 1997 and 1998 only.

Data analysis

Data were analyzed using SAS (version 6.12, SAS 1999). Means
for all cores per plot were used for roots. Differences between
years were analyzed using one-way ANOVA. Analyses of rela-
tionships between variables across all years were made using re-
peated measures analysis of variance (PROC GLM in SAS) with
the Huynh–Feldt epsilon correction for lack of sphericity. We
treated plots as independent datapoints since the more conserva-
tive approach with respect to detecting effects of diversity (using
means per mixture) did not allow us to include variables that dif-
fered between mixtures (e.g. percent of biomass in legumes).
When comparing functional group responses we used means per
plot for each group as species within a plot are not independent of
each other. Because of the small sample sizes we did not statisti-
cally analyze patterns for individual species.

Since explanatory variables affecting nitrogen pools and other
aspects of N dynamics are likely to be correlated (e.g. percent bio-
mass in legumes and biomass of all species), we used path analy-
sis (Wright 1934) to identify potential causal effects. Path analysis
allows one to construct a causal model which includes several in-
dependent and dependent variables, and to decompose the correla-
tions which exist between variables into components assumed to
be causal and non-causal (Schemske and Horvitz 1988). Causality
is assumed rather than demonstrated, since additional unmeasured
variables may be the true cause of correlations. The magnitude of
the path coefficient (standardized regression coefficient) indicates
the strength of the direct effect of an independent variable on a de-
pendent variable (see Schemske and Horvitz 1988 and Mitchell
1993 for good explanations of path analysis in an ecological con-
text). Path diagrams were built similarly for above ground and be-
low ground variables; in both cases the percent of above ground
biomass represented by legumes (“percent legume biomass”) had
to be used since roots could not be sorted by species. In the path
analyses, percent legume biomass could be affected by percent of
planted species that were legumes, and number of species planted
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38.0% fine sand) with a pH of 6.0. In the three years prior to the
experiment the field had been used for potato and barley cultiva-
tion. It had been fertilized every year up to and including 1995
with an application of 400 kg ha–1 N-P-K (11-5-18). During the
summer of 1995, 7.5 g ha–1 of herbicide (Expresspreparat, DuPont
Agro, Malmö, Sweden) was applied to reduce weed growth. The
last barley crop was harvested in the fall of 1995, and the site was
ploughed without removal of straw. In the spring of 1996 the site
was repeatedly harrowed. No fertilizer was added after 1995.

In June 1996, prior to the start of the experiment, 34 soil cores
were collected in a grid pattern from across the experimental field,
and analyzed for percent nitrogen (%N) and δ15N using the same
methods as for plant samples (see below). Most of the cores (28 in
total) were 4 cm wide and 15 cm deep but every fifth core (6 in to-
tal) was taken using a 1-cm diameter corer to a depth of 50 cm,
and split into 0–10 cm, 10–30 cm, and 30–50 cm sections. These
soil samples contained 0.14±0.03%N (mean±SD) in the first
15 cm, and %N dropped sharply below topsoil (0–10 cm:
0.15±0.02; 10–30 cm: 0.15±0.07; 30–50 cm: 0.05±0.02). The
δ15N was 4.75±0.74 for the first 15 cm, and also decreased with
depth, especially below topsoil (0–10 cm: 4.58±0.85; 10–30 cm:
4.25±0.29; 30–50 cm: 2.64±0.55).

In early June 1996, 72 plots measuring 2.2×5 m were estab-
lished. Plots were planted with 1, 2, 4, 8, or 12 species (Table 1)
from three “functional groups”: grasses, legumes, and non-legumi-
nous forbs. Six plots were left bare and another 8 were used in a
different experiment and will not be discussed here; the remaining
58 plots formed the basic experiment. They were planted at a total
density of 2,000 seed m–2, and hand-weeded to prevent invasion of
unwanted species. Borders with a width of 1.5 m were established
between the plots and sown with Phleum pratense; these were
mowed regularly and clippings were removed.

Plots were planted with 28 unique species mixtures (Table 1).
There were two replicates of each mixture, except for the 12-spe-
cies mixture, for which there were four replicates. Species were
randomly allocated to mixtures under the following constraints:
(1) all species were equally represented at all levels of diversity
(e.g. at each level of diversity 1/12th of seeds sown were Trifolium
repens); (2) the relative contribution of the three functional groups
was varied so that the same relative contributions occurred at mul-
tiple levels of diversity; and (3) half of the 4-species mixes con-
sisted of combinations of the 2-species mixes, while 8-species
mixes consisted of the 4-species mixes plus an additional four spe-
cies. Thus legume seeds represented on average one third of all
seeds planted at each level of diversity, but there was variation
within all diversity levels except for the highest level (Table 1).
However, because all high-diversity plots (8 and 12 spp.) con-
tained at least some legumes, this design allowed for only partial
distinction between the effects of diversity and those of including
at least some legumes.

Measurements

Plants were sampled in 1996, 1997, 1998 and 1999. In mid-Au-
gust of each year, biomass above 5 cm in height was removed
from a centrally located area of 0.2×0.5 m in each plot, sorted by
species, and dried at 60°C for 24 h. The entire plot was then
mowed to 5 cm and clippings were removed; the same central plot
was sampled in each year. An additional biomass sample from 1–5
cm in height was collected from a separate 15×20 cm plot to give
a better estimate of biomass of low-growing species and was treat-
ed in the same manner; a different plot was used for this estimate
in each year. All samples were sorted to species, but in 1996 a
number of species had not yet flowered, and some specimens of
Phleum pratense could not be distinguished from Phalaris arundi-
nacea, and some specimens of Trifolium repens could not be dis-
tinguished from T. hybridum. Large samples (>1 g) were homoge-
nized with a blade mill, followed by grinding of a subsample in a
ball mill; smaller samples (<1 g) were ground in their entirety in a
ball mill. Samples <0.1 g were not analyzed.

Root biomass in each plot was estimated by removing four
cores per plot (depth 20 cm, diameter 4 cm) from random loca-
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(diversity), while plot biomass was affected by diversity and per-
cent of biomass in legumes. In our models N concentration (%N)
was potentially affected by percent legume biomass and by diver-
sity, while total N was potentially affected by %N and plot bio-
mass (this does not explain all variation in total N because in this
model effects are additive rather than multiplicative).

Results

N dynamics over time

For above ground biomass %N decreased from 1996 to
1998 and then levelled off [F(3, 165)=18.99, P<0.0001;
Fig. 1 A]. Percent N in root biomass differed between
years [F(1, 52)=4.66, P=0.014] but did not show a consis-
tent pattern over time (Fig. 1A). The ratio of %N above
ground to %N below ground decreased over time [F(2,

51)=15.71, P<0.001], and by 1998 was only approximate-
ly half that in 1996. For both above ground and root %N,
plots with legumes had higher values than plots without
legumes but patterns over time were similar (Fig. 1A).

Annual variation in biomass was large but showed no
consistent pattern over time (Fig. 1B). As a result there
were significant differences between years (but no pattern
over time) in above ground total N [F(3, 53)=4.20,
P=0.008], but not in root total N [F(2, 47)=1.29, P=0.29;
Fig. 1C]. Neither % biomass in roots nor % biomass in le-
gumes differed between years (P>0.1). As for %N, plots
with legumes had a greater total N than plots without le-
gumes both above ground and below ground, but the pat-
tern over time was the same for the two groups. Values for
δ15N in above ground biomass across all plots decreased
linearly over time [Fig. 1D; F(3, 165)=10.57, P<0.0001],
and there was a strong negative correlation between per-

cent N and δ15N in all years (Pearson correlation coeffi-
cients ranged from –0.58 to –0.72, P<0.001 for all). Most
of the decline, however, was due to plots without legumes
(Fig. 1D). Values for root δ15N decreased only marginally
between 1997 and 1998 [paired t-test, T(55)=1.76,
P=0.084; no values available for 1996 or 1999] and in
both years were negatively correlated with %N (correla-
tion coefficients =–0.41 and –0.55 respectively).

Whole-community N dynamics above ground

The path diagrams in Fig. 2 summarize whole-plot N dy-
namics above ground for each year. The amount of varia-
tion in above ground biomass explained by diversity
(number of species planted) as opposed to percent le-
gume biomass (the percent of above ground biomass at-
tributable to legumes) increased over time: in 1996 per-
cent legume biomass explained a large proportion of the
variation (path coefficient =0.62), while by 1999 diversi-
ty explained more than percent legume biomass (path co-
efficients were 0.49 and 0.23 respectively). In contrast,
diversity explained significant variation in percent le-
gume biomass in 1996 only. The only direct effect of di-
versity on %N was a negative one in 1999. In all years,
plot biomass explained more of the variability in total N
than did mean %N. These results show that above
ground effects of diversity on plot-level N dynamics
were mediated almost entirely through changes in total
above ground biomass, and that this effect strengthened
over time. Diversity effects were not mediated through
changes in legume biomass or direct effects on %N. In
contrast, percent legume biomass effects on %N did in-
crease in strength over time.

Fig. 1A–D Nitrogen dynamics
between 1996 and 1999. Values
are means across the 58 plots
and error bars are standard er-
rors. Filled symbols represent
above ground data; open sym-
bols represent below ground
data. Diamonds represent all
plots, circles plots with at least
some legumes, and triangles
plots without legumes. A %N
(g N per 100 g d wt) in above
ground and below ground vege-
tation. B Above ground bio-
mass (g m–2) and below ground
biomass (g m–2 to 20 cm
depth). C Total nitrogen above
ground (g m–2) and below
ground (g m–2 to 20 cm depth).
D Values for δ15N in above
ground vegetation
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The sampling effect refers to diversity effects that re-
sult from an increased probability of including at least
one legume (“legume presence”), a variable not included
in the path analyses. We examined whether legume pres-
ence explained the increase in above ground biomass
better than diversity by including both variables in a
stepwise multiple regression (Table 2). Although initially
legume presence explained most of the variation in
above ground biomass, over time the strength of this ef-
fect decreased (so that by 1999 it was insignificant)
while that of diversity increased (and by 1999 was high-
ly significant; Table 2).

Mean above ground δ15N values for the whole plot in-
dicate the contribution of N2 fixation to the available soil
N pool for communities containing legumes. There was
a significant negative relationship between δ15N and di-
versity when all four years were examined simultaneous-
ly [F(3, 25)=4.07, P=0.0175], but for individual years this
relationship was significant in 1996 only [F(1, 54)=4.08,
P=0.048]. Furthermore, when percent legume biomass
and diversity were included in a stepwise regression, val-

ues for δ15N decreased with increased percent legume
biomass in all years, and diversity explained significant
additional variation only in 1999 (Table 3).

The path analyses included percent legume biomass
as the primary legume-related variable affecting biomass
and N dynamics, but this is potentially confounded with
legume presence and the number of legume species

Fig. 2 Path diagrams for the
above ground relationships be-
tween diversity (number of
species planted), percent le-
gumes planted, legumes as the
actual percentage of the above
ground biomass (percent le-
gume biomass), total above
ground biomass, and total
above ground nitrogen for all
four years. Thickness of the ar-
row indicates the strength of
the path coefficient. Arrows in
gray indicate no significant re-
lationship; P values for other
arrows are indicated as follows:
+ 0.5–0.1; * 0.01–0.5;
***<0.001. Solid lines indicate
a positive relationship while
dashed lines indicate a negative
relationship. U is the propor-
tion of unexplained variation in
the variable, and was calculated
as (1–R2)1/2.

Table 2 Testing the sampling hypothesis: the relative contribution
of diversity versus legume presence on above ground, below
ground, and total biomass over time. Models are stepwise multiple

regressions (P-to-enter =0.15, P-to-stay =0.05) with diversity and
legume presence as explanatory variables. NR Not retained in
model; NA not available. neg indicates a negative relationship

Year Diversity partial R2 Legume presence partial R2

Above Below Total Above Below Total

1996 NR 0.10* 0.10* 0.28**** NR NR
1997 NR NR NR 0.18*** NR 0.9*
1998 0.07* 0.21*** 0.32*** 0.23*** 0.15*** (neg) NR
1999 0.24**** NA NA NR NA NA

Values for P: *=<0.05, ***<0.001, ****<0.0001

Table 3 Effects of diversity and percent legumes on δ15N values
for above ground biomass. Models are stepwise multiple regres-
sions (P-to-enter =0.15, P-to-stay =0.01). Denominator degrees of
freedom are 55 for 1996 and 56 for all other years. All significant
relationships are negative. NR Not retained in the model

Year Diversity Percent legumes

F P F P

1996 NR – 524.36 <0.001****
1997 NR – 76.17 <0.001****
1998 NR – 132.22 <0.001****
1999 8.72 0.0046** 103.73 <0.001****

Values for P: **<0.01; ****<0.0001
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Fig. 3 Path diagrams for the
above ground relationships be-
tween diversity (number of
species planted), percent le-
gumes planted, legumes as the
actual percentage of the above
ground biomass (percent le-
gume biomass), total above
ground biomass, and total
above ground nitrogen for all
four years. Thickness of the 
arrow indicates the strength of
the path coefficient. Arrows in
gray indicate no significant re-
lationship; P values for other
arrows are indicated as follows:
+ 0.5–0.1; * 0.01–0.5;
***<0.001. Solid lines indicate
a positive relationship while
dashed lines indicate a negative
relationship

the best explanatory variable in 1997 and 1998, and
number of legume species in 1999. It thus appears that
%N and δ15N can be explained primarily by percent bio-
mass in legumes, not the presence of any legumes or le-
gume diversity. In contrast, the presence of any legumes
(regardless of abundance) appears to result in increased
above ground biomass.

Table 4 Contributions of the presence of legumes, percent legume
biomass above ground and number of legume species to overall le-
gume effects on %N, δ15N, and biomass. Models are stepwise

multiple regressions (P-to-enter =0.15, P-to-stay =0.01). Dir Di-
rection of the relationship, NR not retained in the model

planted (not included in the path analyses). We used all
three variables in a stepwise multiple regression (Ta-
ble 4) and found that only percent legumes explained
above ground %N and (with the exception of 1997)
δ15N, while the number of legume species did not ex-
plain additional variation in any year. However, for bio-
mass percent legumes was the best explanatory variable
only in the first year, with legume presence emerging as

Response Year Legume presence Percent legumes No. legume species

Variable F P Dir F P Dir F P Dir

Above ground:
%N 1996 NR 50.61 **** + NR

1997 NR 77.30 **** + NR
1998 NR 56.45 **** + NR
1999 NR 120.89 **** + NR

δ15N 1996 NR 120.64 **** – NR
1997 12.45 *** – 30.75 **** – NR
1998 NR 12.69 *** – NR
1999 NR 120.89 **** – NR

Biomass 1996 NR 34.82 **** + NR
1997 12.69 **** + NR NR
1998 16.81 **** + NR NR
1999 NR NR 21.92 ****

Below ground:
%N 1996 18.53 **** – 70.47 **** + NR

1997 NR 47.05 **** + NR
1998 NR 101.48 **** + 13.36 *** –

Biomass 1996 NR NR NR
1997 NR NR NR
1998 NR NR NR

Values for P: ***<0.001; ****<0.0001
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Whole-community N dynamics below ground

The path diagrams in Fig. 3 summarize whole-plot N dy-
namics below ground for 1996–1998 (data were not
available for 1999). There was a positive relationship be-
tween diversity and total root biomass in all three years,
while root %N was negatively related to diversity in the
first two years. Somewhat surprisingly, percent legume
biomass above ground, which had a very strong effect on
above ground biomass, did not affect total root biomass.
Furthermore, variation in %N rather than root biomass
explained most of the variability in total root N. Step-
wise multiple regressions of diversity and legume pres-
ence on root biomass showed a significant positive effect
of diversity in two years (1996 and 1998) and a negative
effect of legume presence in one year (1998; Table 2). It
thus appears that diversity affects N dynamics in roots
both by affecting biomass (positively) and by affecting
%N directly (negatively).

As for above ground data, we examined the relative
contributions of legume presence, percent legume bio-
mass (above ground), and number of legume species to
below ground %N and biomass (Table 4). Although per-
cent legume biomass again best explained variation in
%N in all years, the number of legume species explained
additional variation in 1998. However, this relationship
was negative. None of these variables explained signifi-
cant variation in root biomass in any year.

Effects on individual species and functional groups

The relative abundance of functional groups (grasses, le-
gumes and forbs) across all plots in the experiment shift-

ed over time. In the first year, legumes accounted for ap-
proximately half of the biomass above ground. In later
years grasses had the most biomass and legume biomass
was reduced to approximately one-third of the total
(Fig. 4). To evaluate which species were benefiting from
any additional nitrogen made available by N fixation, we
examined nitrogen variables (%N, total N and δ15N) for
individual species (Table 5). Percent N was slightly
greater in legumes than in non-fixers in 1996 [F(1, 10)=
5.00, P=0.049] and much greater in 1998 [F(1, 10)=46.18,
P<0.001]. However, when comparing functional groups
within the same plot, there was no difference in %N
above ground between legumes and non-fixers in either
year [1996: F(1, 88)=1.42, P=0.24; 1998: F(1, 88)=0.88,

Table 5 Nitrogen data in 1996 and 1998 for individual species.
Values are mean±SE. Numbers after species names refer to num-
ber of plots from which samples were analyzed in 1996 and 1998
respectively In 1996, Phalaris arundinacea and Phleum pratense

could not be separated, nor could Trifolium hybridum and T.
repens, so the same values are shown for both species. Total above
ground N and percent of all N were calculated across the entire
experiment

Fig. 4 Contributions to total above ground biomass by grasses,
forbs and legumes summed across all plots

Species δ15N (‰) %N Total above Percent of all
ground N (g) above ground N

1996 1998 1996 1998 1996 1998 1996 1998

Non-fixers: grasses
Dactylis glomerata (17, 13) 5.93±0.33 3.79±0.21 2.07±0.11 1.48±0.07 288.53 124.63 11.76 3.00
Festuca ovina (14, 6) 6.02±0.30 3.25±0.33 3.05±0.23 1.56±0.31 40.59 73.26 1.65 1.76
Phalaris arundinacea (17, 15) 6.17±0.32 5.18±0.38 2.70±0.11 0.92±0.09 195.80 263.12 7.98 6.32
Phleum pratense (14, 17) 6.17±0.32 4.72±0.24 2.70±0.11 0.87±0.06 195.80 450.67 7.98 10.83

Non-fixers: forbs
Achillea millefolium (7, 9) 7.01±0.57 4.14±0.13 3.31±0.19 1.54±0.10 16.83 237.49 0.69 5.71
Leucanthemum vulgare (4, 7) 8.02±0.87 3.87±0.20 2.44±0.92 1.74±0.17 28.71 95.26 1.17 2.29
Ranunculus acris (12, 9) 4.55±0.75 3.42±0.23 2.49±0.19 1.16±0.10 17.82 137.83 0.72 3.31
Rumex acetosa (13, 10) 6.93±0.52 4.12±0.45 2.92±0.18 1.63±0.26 45.10 83.82 1.84 2.01

Legumes
Lotus corniculatus (17, 3) 4.70±0.51 0.02±10.91 2.64±0.11 4.21±0.34 130.13 11.55 5.30 0.28
Trifolium hybridum (17, 15) 0.56±0.31 –0.01±0.08 3.49±0.14 2.82±0.21 478.92 1,080.53 19.51 25.99
Trifolium pratense (17, 17) 1.20±1.30 –0.22±0.07 3.38±0.10 2.82±0.15 537.35 930.38 21.89 22.38
Trifolium repens (17, 16) 0.56±0.31 0.16±0.10 3.49±0.14 3.18±0.09 478.92 669.24 19.51 16.10



P=0.35]. Despite the substantial differences between
years in %N for individual species between 1996 and
1998, and the large decline in legume biomass as a pro-
portion of the total, the proportion of all N that was in le-
gumes was almost identical (66.2% in 1996, 64.8% in
1998). Values for δ15N were lower in 1996 than in 1998
for all species, and in both years mean values for legumes
were significantly lower than for non-legumes [1996: 
F(1, 88)=3.97, P=0.49; 1998: F(1, 88)=639.45, P<0.0001].
In both years, δ15N values for the three Trifolium species
were not significantly different from zero, while those
for all non-leguminous species were significantly greater
than zero (Table 4). For Lotus corniculatus, δ15N values
were >0 in 1996 but not in 1998. 

Next we examined whether an increase in legume
abundance had similar effects on N availability for le-
gumes and non-fixers (forbs and grasses). In 1996, %N
in above ground vegetation increased with percent le-
gume biomass for non-fixers [F(1, 49)=19.83, P<0.0001]
but for legumes there was no relationship [F(1, 22)=2.55,
P=0.12]. Furthermore, for non-fixers the relationship be-
tween δ15N and percent legume biomass was negative
[F(1, 49)=29.63, P<0.001], and examination of individual
species suggested this was due primarily to forbs rather
than grasses. There was, however, no relationship for le-
gumes [F(1, 22)=1.09, P=0.31], which had consistently
low values. By 1998 %N was not affected by percent le-
gume biomass in either non-fixers [F(1, 46)=0.00,
P=0.95] or legumes [F(1, 24)=1.19, P=0.29]. There was
still a negative relationship between δ15N values and per-
cent legume biomass in non-fixers [F(1, 46)=9.62, P=
0.0033], but for legumes there was a significant positive
relationship [F(1, 24)=6.23, P=0.020].

Next we examined whether plants in different func-
tional groups were affected similarly by changes in di-
versity. In 1996, there was no significant relationship be-
tween %N and diversity for either legumes [F(1, 22)=
0.01, P=0.92] or non-fixers [F(1, 49)=1.08, P=0.31], and
including percent legume biomass in the model did not
alter this result. However, this was due to opposite rela-
tionships for the non-fixing functional groups: forbs and
legumes (except for L. corniculatus) generally showed
negative relationships while grasses generally showed
positive relationships. In 1998 %N and diversity were
unrelated for both groups (P=0.23 and P=0.36 for non-
fixers and legumes respectively). For legumes δ15N de-
creased with increased diversity in both 1996 and 1998
[F(1, 22)=29.63, P<0.001, and F(1, 23)=14.78, P=0.0008
respectively] while there was no significant relationship
for non-fixers [F(1, 49)=1.1, P=0.31 and F(1, 46)=0.26,
P=0.61 respectively]. These relationships remained un-
changed when percent legume biomass in the plot was
added to the model first.

Finally we asked whether the effect of legumes on N
availability was greater for plant species that were domi-
nant in mixture. We calculated the mean biomass per
2,000 seeds planted for each species in polyculture and
in monoculture and used the ratio of the two values as a
measure of dominance in mixture. As a measure of the

strength of the effect of legumes on N availability we
calculated the slope of the regression between δ15N and
percent legumes biomass in the mix for each species.
There was no relationship between our measure of domi-
nance in mixture and the strength of the legume effect
(P>0.1 for all species together and for non-fixers only).
Among the species that showed a clear decrease in δ15N
values as the proportion of legumes increased were two
species that were dominant in polyculture (Phleum pra-
tense and Phalaris arundinacea) as well as two species
that showed a decreased biomass in polyculture (F. ovina
and R. acetosa).

Discussion

Whole-community dynamics: changes over time

In our experimental plots most of the above ground bio-
mass was removed annually, and no fertilizer was added.
Over time one would therefore expect soil nutrient avail-
ability to decline and the root : shoot ratio of plants to in-
crease as nutrients become more limiting (e.g. Chapin
1980; Givnish 1983; Bloom et al. 1985). As expected,
overall %N in above ground tissues declined between
1996 and 1998. However, root %N did not decline be-
tween 1996 and 1998. Similarly, total N did not show a
consistent pattern over time above ground or below
ground, primarily as a result of large fluctuations be-
tween years in biomass. Furthermore, the root to shoot
ratio did not change consistently between 1996 and
1998. There is therefore only limited evidence that total
N availability to plants decreased over time.

One explanation for the lack of a clear decline is that
additional nitrogen was made available by nitrogen fix-
ers. Legumes have been shown to increase soil nitrate
concentrations following the release of symbiotically
fixed N through root and shoot turnover in intercropping
experiments (Mallarino and Wedin 1990; Ranells and
Wagger 1997). Such an increase in reliance on fixed N is
supported by three lines of evidence: (1) the consistent
decline in δ15N values across years for plots with le-
gumes but not those without legumes; and (2)the decline
in δ15N between 1996 and 1998 for all species in all
functional groups, and (3) the strong negative relation-
ships between mean %N and δ15N values in all years.
One should be cautious in interpreting these changes in
δ15N as being due entirely to changes in relative use of
recently fixed N versus soil N, as a decrease in soil N
availability may result in a decrease in nitrification and
hence in less plant uptake of 15N enriched ammonium,
which would also alter δ15N values in the same direction
(Garten and van Miegrot 1994; Högberg 1997). Howev-
er, additional data support the former hypothesis. First,
although the pattern of decline in %N above ground over
time was the same for plots with and without legumes,
starting values were lower for plots without legumes and
this therefore represents a greater proportional drop in
%N for this group. The decrease in δ15N for plots with
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legumes (but not those without legumes) suggests this
difference in the rates of declines is due to the presence
of legumes. Consistent with this hypothesis, when N
concentrations of legumes and non-fixers within the
same plot were compared there was no difference, even
though on a per-species basis the N concentrations of le-
gumes were much higher. Percent legume biomass had a
strong effect on above ground total biomass but not root
total biomass, suggesting that plants were increasing
their allocation to shoots when N became more avail-
able. Unfortunately we could not separate roots by spe-
cies and therefore could not test whether all species
showed such a shift. In general, then, it appears that total
N availability declined initially, but that the communities
relied increasingly on N fixed by legumes to compensate
for the decline in soil N. Additionally, legumes may have
increased activity of soil microbes involved in mineral-
ization (Spehn et al. 2000), thereby increasing N avail-
ability to all plants.

Whole-community dynamics: effects of diversity

Increased diversity could result in increased N in the
community through the sampling effect (a higher proba-
bility of including at least some nitrogen-fixers in the
community, leading to greater dominance by these rela-
tively high-N species and/or to greater N availability for
all plants in the community) or through greater use of soil
N due to niche complementarity. The strength of these ef-
fects should increase as soil N becomes more limiting.
Our path diagrams indicate that the primary pathway
through which increased plant diversity resulted in in-
creased total nitrogen was through greater plant biomass,
and the strength of this effect increased over time both
above ground and below ground (the significant effect of
diversity on percent legume biomass is probably simply a
reflection of their rapid initial establishment and their
presence in all high-diversity plots). Furthermore, when
we included both diversity and the presence of legumes
in a stepwise multiple regression, we found that over time
the importance of diversity increased: in the first two
years only the presence of legumes contributed to bio-
mass, while in 1998 both were important, and in 1999 on-
ly diversity explained a significant amount of the varia-
tion in above ground biomass. There was no evidence
that dominance of legumes increased over time in high
diversity plots or in the experiment as a whole; their bio-
mass as a proportion of the total was fairly constant after
1997. Furthermore, once legume presence was controlled
for, percent legume biomass explained biomass (whether
above ground or below ground) only in the first year. We
therefore conclude that although a sampling effect did
contribute to greater plant biomass (and therefore a great-
er N pool), diversity explained variation in biomass be-
yond that explained by the inclusion of legumes.

There are two possible explanations for the positive
effect of high diversity on biomass but not %N: (1) high-
er diversity leads to greater N availability or capture,

which in turn results in greater growth but no change in
N concentration due to a dilution effect; or (2) higher di-
versity leads to greater capture of another different limit-
ing resource (e.g. light, water, or other nutrients), which
results in greater growth while greater root biomass al-
lows N capture to keep pace with overall growth. These
two explanations are not mutually exclusive, and our ex-
periment could not distinguish between them. Hooper
and Vitousek (1998) found evidence for greater resource
use (including inorganic nitrogen, phosphorus, and soil
water) in communities with more functional groups, but
no decrease in nitrogen loss from leaching. That experi-
ment used species selected specifically for their differ-
ences in traits relevant to nutrient cycling, so a stronger
relationship between diversity and nutrient capture might
be expected than was observed in our experiment. To
clearly distinguish between these possible mechanisms
requires an experiment in which (1) legumes are both ab-
sent and present at all levels of diversity, (2) multiple re-
sources are manipulated, and (3) multiple nutrients in
soil and in plants are intensively monitored. Improved
sampling of roots, preferably through removal of entire
plants, would also be desirable.

Individual species and functional group dynamics

Values for δ15N indicate that all three Trifolium species
functioned as nitrogen fixers starting in 1996. Lotus
corniculatus appears to have been dependent on soil N in
1996, but by 1998 its δ15N values were not different
from zero, indicating that it too was a functional nitrogen
fixer. The additional N provided by these N2-fixing spe-
cies appears to have been made available to all non-fix-
ing species as indicated by the decrease in δ15N values
over time for all species and negative relationships be-
tween δ15N and increased biomass of legumes for non-
fixers as a group.

Furthermore, the relatively high δ15N values for Trifo-
lium species at high percent legume biomass and low di-
versity suggest that in monoculture these species may
obtain more of their N from the soil than in plots with
low percent legume biomass, where competition with
other species may force greater reliance on fixed N. Al-
though species differed in their ability to take advantage
of increased N from N2 fixation, there was no evidence
to suggest that dominant species were the primary bene-
ficiaries: for both dominant and subordinate species %N
increased and δ15N decreased with increased proportion
of legumes in the plot.

Conclusions

Our data emphasize the need for multi-year studies of re-
sponses of ecosystem processes to changes in diversity
since the importance of species richness for the mainte-
nance of high biomass became more important over
time. Species richness influenced N dynamics primarily
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by increasing biomass, suggesting that other ecosystem
processes (such as carbon fixation) were more affected
than N uptake per se. Clearly, the percent legumes in
plots was the single most important factor controlling
%N, total N and δ15N. Furthermore, the additional N
provided by the presence of N-fixing legumes appeared
to increase N availability to all species, whether domi-
nant or subordinate. However, these legumes are not
long-lived, and the continued presence of legumes (other
than T. repens) in our plots is dependent on regeneration
from seed. Future studies should focus on the mecha-
nisms through which diversity affects the N pool and the
role that species richness plays in maintaining nitrogen
fixers in a community over time.
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