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A common pattern emerging from studies on the relationship
between plant diversity and ecosystem functioning is that produc-
tivity increases with diversity. Most of these studies have been
carried out in perennial grasslands, but many lasted only two
growing seasons or reported data from a single year. Especially for
perennial plant communities, however, the long-term effects of
diversity are important. The question whether interactions be-
tween few species or among many species lead to increased
productivity remained largely unanswered. So far, the main mech-
anism addressed is the increased input of nitrogen by nitrogen-
fixing legumes. We report that other mechanisms can also gener-
ate strong increases of productivity with diversity. Results from 4
consecutive years of a plant diversity experiment without legumes
show that a positive relationship between plant species richness
and productivity emerged in the second year and strengthened
with time. We show that increased nutrient use efficiency at high
species richness is an important underlying mechanism. This mech-
anism had not been discussed in earlier studies. Furthermore, our
results suggest that complementary nutrient uptake in space and
time is important. Together, these mechanisms sustain consistently
high productivity at high diversity.

biodiversity | niche complementarity | nitrogen use efficiency |
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he notion that the current loss of biodiversity may be

detrimental to ecosystem functioning has led to major ex-
periments in the last decade. Studies investigating the relation-
ship between biodiversity and ecosystem functioning focused on
the effects of losses of plant diversity on productivity (as a
measure of ecosystem functioning) in grasslands. In these stud-
ies, productivity often declined with diversity loss (1), although
several different patterns have been reported, including no
response and idiosyncratic differences as plant diversity de-
creases (see ref. 2 for a review).

Both the patterns and the underlying mechanisms have been
hotly debated (3-5, ¥, %). A positive relationship between
diversity and productivity could arise through causal mecha-
nisms such as facilitation or complementary resource use (6, 7).
However, the same relationship between productivity and di-
versity could also be generated by chance, through a sampling or
selection effect. More diverse plant communities have a higher
chance of including a highly productive species that dominates
the community (3, 4, 7). Complementarity and sampling effects
may operate simultaneously, but can be separated by using the
additive partitioning equation (8).

A positive effect of diversity on productivity was reported by
several experiments, but most of these studies have been short
term (<3 years) or reported results from a single growing season
(9-18). In perennial grasslands, interactions between species
occur over multiple years, but only three experiments reported
results from a period >3 years. They showed that the positive
effects of diversity increased several years after the start of the
experiment. However, these experiments included legumes,
which played an important role in overyielding (19-22). Apart
from the effects of legumes, complementarity appeared to be
important (20-22).

www.pnas.org/cgi/doi/10.1073/pnas.0407524102

Resource partitioning may occur in time, space, and resource
type (23-25). Facilitation may also be important: direct positive
interactions have been demonstrated in many experiments (26).
However, the main mechanism addressed in biodiversity—
productivity experiments so far is nutrient enrichment by nitrogen
fixers (27). Assessing the performance of individual species is
crucial for understanding which mechanisms are responsible for the
positive effect of diversity on productivity. Interspecific interactions
like niche differentiation, facilitation, and frequency-dependent
growth may promote high diversity by increasing the performance
of rare species (28, 29). Under these mechanisms, a range of species
(including rare ones) may show increased performance with in-
creasing diversity, thus increasing total productivity (30, 31). How-
ever, few studies have determined the performance of individual
species within long-term diversity—ecosystem functioning experi-
ments (22, 32). We investigated overyielding among eight plant
species. These species include two functional types: grasses and
dicots. Legumes were not included. If a single resource, like
nitrogen, is limiting productivity and species are complementary in
nutrient use because differences in phenology, rooting depth, and
other functional characteristics, then total plant nitrogen should be
greater in mixtures (9). In the search for underlying mechanisms, we
focused on differences between species in nutrient uptake and
nutrient use at different levels of species richness and their contri-
bution to the relationship between productivity and species richness
over time.

Methods

Plots were established on an arable field in Wageningen, The
Netherlands, in early spring 2000. In each plot, the topsoil was
removed to a depth of 45 cm. At this depth, the mineral sand
layer below the arable soil was reached. Wooden frames mea-
suring 1 X 1 X 0.5 m (length X width X height) were placed in
each hole and filled with a mixture of pure sand and soil from
an old field (3:1). Seeds were laid to germinate in the green-
house, and seedlings were planted after 3 weeks. In total, 144
seedlings were planted per plot in a substitutive design (i.e., each
plot had the same total seedling density). During the first 3
months, plots were watered regularly to avoid desiccation of the
seedlings. The experiment constituted 102 plots of 1 m? distrib-
uted over six replicated blocks. Distance between plots was 1 m,
and blocks were 2 m apart. Each block contained monocultures
of all species, four mixtures of two and four species, and an
eight-species mixture. The mixtures of two and four species were
assembled by constrained random selection from the species
pool. Selecting a certain composition twice was not allowed in
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this procedure (16). Composition was maintained throughout
the experiment by removing seedlings of all other species at
monthly intervals during each growing season. See ref. 33 for
further details about weeding.

Species were selected from a pool of four grass species
(Agrostis capillaris L., Anthoxanthum odoratum L., Festuca rubra
L., and Holcus lanatus L.) and four dicot species (Centaurea jacea
L., Leucanthemum vulgare Lamk., Plantago lanceolata L., and
Rumex acetosa L.). Nomenclature follows van der Meijden (34).
Species will further be referred to by their genus names. All
species are C; perennials and commonly coexist in European hay
meadows.

The analysis is based on data of aboveground biomass. Total
aboveground net primary productivity was measured by harvest-
ing all plant material after the vegetation had reached peak-
standing biomass. Because all aboveground tissue is new each
year and every species is present throughout the growing season,
aboveground biomass at the end of the growing season gives a
reasonable estimate of total plot production. In August 2000,
2001, 2002, and 2003, plants were clipped to 2.5 cm above the soil
surface, sorted to species, and dried for at least 48 h at 70°C
before weighing. To avoid confounding edge effects, plots were
divided into a center of 60 X 60 cm and a surrounding edge. Only
data from the centers were used for the analysis.

Most measures of complementarity actually measure overy-
ielding. It is defined as the production of mixtures exceeding
expectations based on monoculture performance. We used
several indices that address overyielding. In each of them,
we used monoculture biomass within the same block instead of
using the mean monoculture biomass to generate expected
values (9, 21).

The relative yield total (RYT) measures overyielding by
summing the relative yields of all species in a mixture. The
relative yield of a species is calculated by dividing its biomass in
a mixture by its monoculture biomass. RYT > 1 indicates
complementarity. RYT was originally proposed as the most
appropriate measure of niche complementarity (35) and is one
of the most common metrics for assessing overyielding (27). It
is a robust measure when planting densities give constant final
yield, sufficient time has been allowed for interactions to de-
velop, and indices are calculated on a yield per area basis rather
than as yield per individual (21, 36, 37). These criteria were met
for all data throughout our experiment. However, RYT does not
identify a relationship between biomass in monoculture and
mixture performance (the selection effect). For these purposes,
the additive partitioning method can be used (8). In this method,
the net effect is measured as the observed biomass in a mixture
minus the expected biomass, which is based on monoculture
biomass. This net effect can be partitioned into a complemen-
tarity effect and a selection effect. A positive complementarity
effect occurs if species yields in a mixture are on average higher
than expected on the basis of the weighted average monoculture
yield of the component species. Note that the term complemen-
tarity effect actually refers to an effect caused by differentiation
in resource use and/or facilitative interactions. Distinguishing
between complementary resource use and facilitation is difficult
(8). The selection effect is the standard statistical covariance
effect, in this case between biomass in monoculture and change
in relative yield in mixtures.

To determine the contribution of individual species, we also
determined a net effect per species. Its calculation is similar to
the net effect in the additive partitioning method (8).

In 2002, all aboveground plant samples were ground and
digested with sulfuric acid, salicylic acid, hydrogen peroxide, and
selenium (38). Nitrogen and phosphorus concentrations were
measured colorimetrically by using a segmented flow analyzer
(SKALAR SAN Plus System, Breda, The Netherlands). Potas-
sium was measured by flame atomic emission spectroscopy
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350
300 -
a
® 250 -
E
°
B 200
b~}
=
§ 150 -
g
2 100
3 02001
50 22002
02003
0 T T T T
1 2 4 8

species richness

Fig. 1. Annual above-ground biomass (g/m?) as a function of plant species
richness from 2000 to 2003. The log linear relationship with species richness
was significant for 2001-2003 (2001, F1,95 = 9.54, P = 0.003; 2002, F1,95 = 21.72,
P = 1.03E-05; 2003, Fq,95 = 28.60, P = 6.12E-07). Different letters denote
significant (P < 0.05) differences between years at that species-richness level
(Sidak-corrected multiple pair-wise comparisons within general linear model
repeated measures). Data show means = SE.

(Varion SpectrAA-600, Bergen op Zoom, The Netherlands).
Aboveground nutrient pools were determined per species by
multiplying nutrient concentration by aboveground biomass.
The amount of aboveground nitrogen of each species was used
to calculate RYT values for aboveground nitrogen instead of
biomass. RYT-N indicates complementarity in nitrogen uptake
(9, 23). We determined the amount of aboveground biomass per
unit of aboveground nitrogen as a measure of nutrient use
efficiency.

All relationships with species richness were determined for
each year by using a univariate general linear model (GLM) with
block as random factor and log? of species richness as a covariate.
The effect of time was determined at each species richness level
by using GLM repeated measures with block as factor. In this
procedure, we used the Huynh-Feldt degrees of freedom ad-
justment when the sphericity assumption was violated (SPSS 10.0,
SPSS, Chicago). Differences between years were determined by
using pair-wise comparisons or linear contrasts for time within
this procedure. Biomass and RYT data were In- transformed
when necessary. Values from the additive partitioning method
were square root transformed when necessary but preserved
their original positive and negative signs (8). Differences from
expected values (one for RYT, zero for the other measures) were
determined by using ¢ tests at each species richness level for each
year.

Results

There was no relationship between species richness and
aboveground biomass in the first year, but from the second year
(2001) onwards, species richness enhanced productivity. Overall,
aboveground productivity decreased with time from 2000 until
2002, although this decrease was not significant at the highest
level of species richness. In 2003, especially four and eight species
mixtures showed an increase of productivity compared to 2002
(Fig. 1). This resulted in a stronger increase of productivity with
species richness, as indicated by significant interaction between
year and species richness (repeated measures 2001-2003, time X
log? richness, Fo93 = 11.59; P = 3.2E-05).

RYT was not different from one in 2000, but was significantly
higher than one at each species richness level in the following
years. In each of these years, RYT increased log-linearly with
species richness and increased linearly with time at each species
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Fig.2. Results of different measures of complementarity from 2000 to 2003.
(a) RYT increased with species richness in 2001, 2002, and 2003 and increased
with time at each level of species richness (P < 0.05). (b) The net effect
increased with species richness in 2002 and 2003, and increased with time at
each level of species richness (P < 0.05). (c) The complementarity effect
increased with species richness in 2001 and 2002, and increased with time at
each level of species richness (P < 0.05). (d) The selection effect decreased with
species richness in 2001 (P < 0.05). Asterisks indicate significant difference
from one (RYT) or zero. ***, P < 0.001; **, P < 0.01; *, P < 0.05. Data show
means = SE.

richness level (Fig. 2a). The net effect and the complementarity
effect, calculated by using the additive partition method, showed
similar patterns as RYT. The net effect increased with species
richness in 2001, 2002, and 2003, and the complementarity effect

van Ruijven and Berendse

increased with species richness in 2001 and 2002. Both effects
increased with time at each species richness level (Fig. 2 b and
¢). This observation already indicates that the complementarity
effect prevailed. Selection effects were generally small. A pos-
itive selection effect occurred in four and eight species mixtures
in 2000, whereas the same mixtures showed a negative selection
effect in 2001. The selection effect decreased with species
richness in 2001. No relationship with time could be detected
(Fig. 2d).

The net effects per species strongly shifted with time. In 2000,
only one species (Holcus) performed better than expected at the
highest level of species richness, whereas four species (Agrostis,
Anthoxanthum, Centaurea, and Festuca) performed worse. How-
ever, the contribution of Holcus declined with time and turned
negative in the last 2 years. Simultaneously, all species, except
Leucanthemum, increased their contribution. In 2003, five spe-
cies contributed significantly more to mixture biomass than
expected based on their monoculture performance (Fig. 3).

The ratio of nitrogen (N) to phosphorus (P) in aboveground
biomass is considered a useful predictor of N or P limitation.
Values of N/P < 14 are generally considered to indicate N
limitation (39, 40). In 2002, N/P ratios ranged from 3.54 = (.09
(Leucanthemum) to 6.05 = 0.15 for Rumex in our experiment.
Considering these low values, plants are assumed to be N limited.
Therefore, we focus on nitrogen in our analysis. Total
aboveground nitrogen showed patterns similar to plant biomass
in 2002: Centaurea and Plantago showed a log-linear increase of
total aboveground N with species richness (P < 0.05 and P <
0.001, respectively), whereas Holcus showed a log-linear de-
crease (P < 0.01). The other species showed no relationship
between aboveground N and species richness. As a result, the
total amount of aboveground nitrogen per plot increased with
species richness (P < 0.01). This was confirmed by applying the
RYT approach to aboveground amounts of N. At each level of
species richness, RYT-N values were significantly (P < 0.05)
higher than one.

We used the amount of aboveground biomass produced per
unit aboveground nitrogen as a measure of nitrogen use effi-
ciency (NUE). Interestingly, this measure also increased with
species richness for several species. All dicot species and one
grass species (Agrostis) showed this pattern. The other three
grass species showed a neutral relationship between the amount
of biomass per unit nitrogen and species richness (Fig. 4).
Phosphorus and potassium budgets showed similar patterns,
although less pronounced.

We used the expected values for aboveground biomass, total
nitrogen, and NUE based on the monocultures to partition the
net effect of each species in the eight-species mixtures (see Fig.
3) into the effects of increased NUE and those of complemen-
tarity (i.e., increased amounts of aboveground nitrogen). The
contribution of increased NUE was calculated as Yo; — (Noi X
NUE\), where Yo, and No; are the biomass and the total amount
of nitrogen of species i in the mixture, respectively, and NUE;
is the NUE of the species in monoculture. Similarly, the con-
tribution of complementarity is calculated as (Noi — Nmi/n) X
NUE\;, where Ny is the amount of nitrogen of species i in
monoculture, and n is the number of species in the mixture.
Summed over all species, complementarity accounted for 58% of
the increase in productivity in eight species mixtures, and the
increased NUE accounted for 42%.

Discussion

In our experiment, a positive relationship between species
richness and plant productivity appeared in the second year and
became increasingly positive as the experiment continued. This
pattern has also been shown in the first biodiversity field
experiment in Cedar Creek, which included legumes (19). Our
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Fig.3. Net effect of each species, shown for the eight species mixtures from
2000 to 2003. Asterisks indicate significant differences from zero. ***, P <
0.001; **, P < 0.01; *, P < 0.05. Data show means * SE.

results confirm that similar patterns can arise in the absence of
legumes.

Different indices suggested that complementarity in resource
use and/or facilitative interactions were the main driver(s) of
increased productivity at higher levels of species richness. RYT
values increased with species richness and with time. In 2003,
two-species mixtures had an average value of 1.60. An extensive
review found that >95% of two and three species mixtures
without legumes had RYT <1.3 (23, 43). RYT of eight-species
mixtures approached unusual values of 3.0 in our experiment.
Complementarity effects also increased both with species rich-
ness and time and were significantly greater than zero since 2001.
Selection effects were small and often nonsignificant. In 2003,
Centaurea dominated mixtures, but because of its high monocul-
ture biomass, the contribution of Centaurea was mainly attrib-
uted to the selection effect. Still, its increase may be caused by

698 | www.pnas.org/cgi/doi/10.1073/pnas.0407524102

increased complementarity in resource use. The selection effect
is not independent of complementarity: if resource partitioning
also facilitates more productive species, some complementarity
may be attributed to the selection effect. As such, the comple-
mentarity effect we report may be conservative as a measure of
positive interactions (21, 42).

Similar to an earlier experiment (43), the importance of the
individual species changed during the development of the experi-
mental plots. In the first year, competitive exclusion dominated the
interactions in the experimental plant communities. Holcus ap-
peared to out-compete the other species because its high contri-
bution to mixture biomass coincided with negative net effects of
several other species. Probably, its higher growth rate (44) allowed
Holcus to effectively forage for nutrients in large parts of the initially
unoccupied soil volume, at least in the upper layer. The depletion
of nutrients in the upper layer probably forced especially the dicot
species to increase their rooting depth (45-47). From 2001, the
biomass of Holcus strongly decreased, and other species became
dominant. We propose that Holcus is gradually out-competed by
species that invested in roots adapted to low nutrient availability
(i.e., long-lived roots, ref. 50), because nutrient availability probably
declined after plant roots had occupied and depleted most of the
soil and nutrients allocated aboveground were continuously re-
moved from the plots by harvesting aboveground biomass. It can
only survive in monoculture because all other species are contin-
uously removed from those plots.

With the decline of Holcus, interspecific interactions that
promote diversity became more important. This is illustrated by
the percentage of species contributing to increased productivity
at high species richness increasing from 12.5% in 2000 to >60%
in 2003. Especially, dicot species started to show positive net
effects, which may be the result of complementarity in rooting
depth between the dominant grass species and these dicots (23,
24, 49). This is confirmed by the increase of aboveground N with
species richness shown by two of these species (Centaurea and
Plantago) and the positive RYT-N values in 2002. These positive
RYT-N values are in contrast to an earlier study, which also
calculated complementarity based on total nitrogen, and found
no signs of increased nitrogen amounts despite significant over-
yielding in terms of biomass (9). This finding indicates that, in
our study, plant growth is mainly nitrogen limited, whereas
competition for other resources probably plays an important role
in the other study system (9).

Complementarity in rooting depth is likely to be important,
but temporal differences in nutrient uptake may also have
significant effects (24, 50). For two species present in our
experiment (Anthoxanthum and Plantago), it has been shown
that they differ in rooting depth, and also in their main periods
of nitrogen uptake (51). Plants may also facilitate each other
(26), but we found no evidence for facilitative interactions.

Importantly, several species used nutrients more efficiently at
high species richness, as shown by the increase of aboveground
biomass per unit nitrogen with species richness. This is a
mechanism that, to our knowledge, has not been presented in
other studies. Its contribution to increased productivity at high
diversity is substantial, making up >40% of the total net effect
on productivity. However, this shift in NUE is difficult to
explain. An earlier study on aboveground resource use in
experimental grasslands showed that grass species responded to
increased light competition at high diversity by investing more
biomass in stems to increase in height (11). Because stems
generally have a higher C/N ratio than leaves, this response may
lead to an increase of the amount of aboveground biomass per
unit nitrogen. This increase might explain the response shown by
the grass species Agrostis (see Fig. 4). In contrast to the grasses,
the dicot species did not show an increase in height in that
experiment (11). Moreover, most dicot species that showed an
increase of NUE with diversity in our experiment (Fig. 4) also

van Ruijven and Berendse
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0.01; Leucanthemum, F = 6.17, P < 0.05; Plantago, F = 12.31, P < 0.01; Rumex, F = 10.30, P < 0.01; Anthoxanthum, Festuca, and Holcus were nonsignificant.

Data show means =+ SE.

showed increased biomass and increased nutrient yields at high
diversity. For these species, the availability of nutrients appears
to have increased because of complementary interactions. As a
response to that increase, they may have invested more biomass
into stems (52). Similar to the grasses increasing in height, their
aboveground C/N ratio increased as these dicots invested rela-
tively more biomass into flowering stems and less into leaves.

Conclusions

In the year of establishment, interspecific interactions were
dominated by competitive exclusion, as shown by the strong
expansion of one fast-growing species and the decline of many
other species. Already in the second year, however, productivity
increased with species richness. Our results show that this
positive relationship between species richness and productivity
strengthens with time in perennial communities. The patterns
observed were caused by increased niche differentiation and/or
facilitation, as shown by increasing values of RYT and the
complementarity effect, and the number of plant species that
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contributed to increased productivity at higher levels of species
richness. In our experiment, these patterns cannot be attributed
to increased nitrogen input because of the presence of legumes.
Detailed nutrient analysis revealed two alternative underlying
mechanisms. First, complementarity in nutrient uptake probably
enabled the diverse communities to acquire greater amounts of
nutrients. In addition, increased nutrient-use efficiency of sev-
eral species at higher levels of species richness was very impor-
tant. The increase of nutrient-use efficiency probably is the result
of changes in the biomass allocation patterns of species. This
mechanism provides a contribution to our understanding of the
mechanisms of diversity effects on ecosystem functioning.
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