
1. Introduction

The impact of decreasing plant diversity on terrestrial

ecosystem productivity remains controversial. At the

forefront of this discussion lie two particular questions:

(1) does a decline in plant species diversity lead to a dete-

rioration in ecosystem services (such as those involved in

the maintenance of primary productivity), and (2) if so,

what are the mechanisms underlying this relationship?

While many recent studies support the idea that diverse

plant communities function better than depauperate ver-

sions (Schwartz et al. 2000, Tilman 2001, but see Hooper

1998), there is considerably less agreement over the rela-

tive importance of two mechanisms offered in explana-

tion of this relationship. Through the first mechanism –

the “complementarity effect” – diverse communities

function better because they allow for a greater variety of

positive and complementary interactions, and hence a

more complete exploitation of available resources (Spehn

et al. 2000). Through the second mechanism – the “sam-

pling effect” – diverse plant communities function better

because they are more likely to contain particular species

that have disproportionate ecosystem effects (e.g., one

that is overly productive) (Aarssen 2001). From a man-

agement perspective, teasing apart the relative influences

of the complementarity and sampling effects is important

since, practically speaking, they represent the end points

of a continuum of conservation philosophy from “diver-

sity matters” to “identities matter”. As a result, species di-

versity-function studies remain a high priority of ecologi-

cal research.

Interestingly, exploration of the question of how di-

versity affects productivity is paralleled by its counter-
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Abstract: The impact of decreasing plant diversity on terrestrial ecosystem productivity remains controversial. Recent
studies generally suggest that diverse plant communities are more productive than depauperate versions. However, there
is less agreement as to whether this is caused by the number of species present, the identities of the species present, the
number of functional groups that these species make up, or by which functional groups are represented. This study
evaluates whether relationships between plant diversity and productivity in northern mixed grass prairie are dependent
on (a) the diversity measure used (species richness vs. functional richness), (b) the productivity measure utilized, or (c)
the scale of observation. We collected plant diversity and productivity information over circular plots of 0.5 m diameter
during the summer of 1998, then used a spatially nested sampling design to scale each property and their relationships
to 2.5 m, 10 m and 50 m sampling resolutions. Observed diversity-productivity relationships were dependent on all of
the above factors. Richness-productivity relationships were found to be mostly asymptotic at all observational scales.
The presence of particular species, and functional groups, alone or in combination all had significant effects on produc-
tivity at the plot (0.5m) level, but not at coarser resolutions. These results were consistent with those of other studies,
and suggest that the higher productivities of diverse grassland plots in our grassland site might result from the effects of
diversity and the presence of productive species. The lack of species effects at coarser resolutions suggest other mecha-
nisms are responsible for such relationships at these scales.
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part: how does productivity affect diversity? A recent re-

view of the rather large literature of the “diversity begets

productivity” and “productivity begets diversity” per-

spectives reveals conflicting results. While results from

the “diversity begets productivity” perspective have

shown predominantly positive (but not always linear) re-

lationships between the two variables (Foster and Dick-

son 2004, Tilman et al. 2001), results from the “produc-

tivity begets diversity” work have found predominantly

(but not exclusively) negative relationships between the

two variables (reviewed by Gough 2000, Gross et al.

2000). Although resolution of this apparent contradiction

is incomplete (Aarssen 2001), empirical evidence sug-

gests that resource availability controls both diversity and

product- ivity, and that a strong negative relationship be-

tween resource availability and diversity masks a weaker

relationship between diversity and productivity along a

resource availability gradient (Fridley 2002). This then

raises the question of how increasing resource availability

(accompanying elevated CO�) will affect plant commu-

nity diversity and subsequent biomass production.

Much interest in this field has focussed on the North

American grasslands (Hooper et al., 2005), in part be-

cause they are relatively simple communities to study, but

also because issues of production in grassland ecosystems

are fundamental for agricultural use (Morgan Ernest and

Brown 2001). Here, complex and unpredictable changes

in plant community composition can result from the com-

bined effects of frequent large- to small-scale distur-

bances (e.g., drought, habitat fragmentation, fire, graz-

ing). Numerous studies have attempted to describe and/or

explain the relationship between the functioning of grass-

land ecosystems (usually measured as ecosystem net pri-

mary productivity (NPP) or one of its surrogates) and the

number of plant species (species richness) coexisting

within them. These studies include experimental manipu-

lations of semi-natural grasslands (Leriche et al. 2001,

Loreau and Hector 2001, Tilman et al. 2001) or artificial

grassland-like communities (Naeem et al. 1996), as well

as direct observations under natural conditions (Bulla

1996). There has also been much theoretical discussion

concerning terrestrial plant communities in general

(Johnson et al. 1996, Schwartz et al. 2000).

However, we have identified two specific research is-

sues relating to the above studies that warrant further at-

tention:

(1) The destructive and manipulative nature of diver-

sity-productivity experiments severely limits their ability

to create controlled, yet “natural”, grassland environ-

ments. Experimental studies usually start as plots of bare

ground, in which different combinations of species

(and/or functional types) are seeded. These combinations

are then artificially maintained throughout the duration of

the experiment. While such studies allow ecologists to de-

termine the individual effect of a variable of interest (e.g.,

species diversity) by controlling for differences in others

(e.g., species composition), they can be criticized on three

main counts. First, their inherent focus is only on the ear-

liest successional stages of plant community development

(see Tilman et al. 2001), and it has recently been shown

that diversity-productivity relationships change with time

(Guo et al. 2006). Second, there has been a tendency for

ecologists to utilize unnaturally low species richnesses

(Schwartz et al. 2000), as well as unrealistic species com-

binations (Hodgson et al. 1998, Huston 1997) and relative

abundances (Ricklefs 1990, Schwartz et al. 2000). Third,

the plant diversity of experimental plots is often artifi-

cially maintained through weeding, an activity that may

have “hidden” effects on treatments (Huang et al. 2001,

Huston 1997). As a result, the experimental approach to

evaluating grassland diversity-productivity relationships

is inappropriate for understanding mid- to late-succes-

sional plant communities. Under such conditions, the use

of non-manipulative (i.e., observational) studies, where

the effects of composition and other differences are con-

trolled statistically, may be more appropriate.

(2) One of the most vexing problems surrounding the

measurement of productivity responses to diversity is spa-

tial scale (Rosenzweig 1992). Virtually every review that

has attempted to make sense of the array of diversity / pro-

ductivity studies has raised the problem of comparing re-

sults measured at different spatial scales (Gough et al.

2000, Gross et al. 2000). Both hypotheses (complemen-

tarity and sampling effects) predict that an unsaturated

species pool at small spatial scales should show a strong

positive relationship between diversity and productivity.

However at larger spatial scales, at which most of the po-

tentially complementary species interactions are possible,

the former hypothesis predicts a weak relationship be-

tween diversity and productivity, while the sampling ef-

fect hypothesis would predict that, depending upon the

identity of the species that are increasing the diversity, the

relationship could continue to be strongly positive. Thus,

the resolution-dependence of the relationship between

plant diversity and productivity must be explicitly inves-

tigated.

This paper reports on a diversity-productivity study

that was carried out in the northern mixed grass prairie

during the summer of 1998. The northern mixed-grass

prairie serves as a useful environment to test the various

predictions of the diversity-productivity interaction. An-

nual vegetation production is relatively low and plant
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growth is thought to be moisture rather than nutrient lim-

ited. Hence, resource availability is a function of rainfall

rather than soil properties, and can be considered constant

across spatially dispersed treatments.

In this study, we attempt to test the complementarity

and sampling effects hypotheses on vegetation produc-

tion using repeated growth measures in grassland vegeta-

tion plots at four spatial scales. Specifically, we (1) exam-

ine both the individual and combined effects of species

and functional richness on community aboveground net

primary productivity (ANPP), and (2) assess the degree to

which these relationships are affected by (a) sampling

resolution, (b) the ANPP measure utilized, and (c) the

presence of particular species or functional groups. By us-

ing non-destructive sampling in un-manipulated, natural

communities we contend that we can use our results to

predict coming changes in the mixed-grass prairie ecosys-

tem. Our discussion of the results of the above investiga-

tion focuses on comparisons with the results of previously

published experimental approaches that have been de-

signed to answer similar questions. Particularly, we aim

to investigate whether relationships between diversity

and productivity reported for experimental artificial com-

munities are also observed for natural communities.

2. Materials and methods

2.1 Study region: Grasslands National Park,

Saskatchewan, Canada

Data were collected during the 1998 growing season

at sites within Grasslands National Park (GNP), Saskatch-

ewan, Canada (49
ο

15’ N, 107
�

0’ W). The climate of the

region is semi-arid; winters are long, cold and dry while

summers are short, hot and comparatively wet. Mean

daily temperature ranges from 15
�
C below zero in Janu-

ary to 20
�
C in July. Total annual precipitation averages

350 mm. Approximately one third of this total (120 mm)

falls as snow in the winter, while the remainder (230 mm)

falls as rain throughout the rest of the year, mostly during

heavy summer thunderstorms (165 mm). Although cli-

matic conditions throughout the 1998 field season were

slightly drier than average, 1998’s total annual rainfall

(275 mm) fell well within one standard deviation of the

30-year mean for the region (325 ± 70 mm). In this sense,

the field season of 1998 can be thought of as somewhat

“typical” in terms of total moisture availability. The study

area is dominated by grasses, of which Stipa comata (C3),

Pascopyrum smithii. (C3), Koeleria macrantha (C3) and

Bouteloua gracilis (C4) are the most common. Silver sage

(Artemisia cana), spikemosses, lichens and cacti make up

a significant part of the plant community in drier loca-

tions.

2.2 Location and description of sample sites

Species composition, biophysical and spectral data

were collected during at three upland grassland sites at

GNP. Upland sites were chosen because they were typical

of native prairie vegetation and the surrounding park area,

and undisturbed in recent history. While the dominant

plant types at each sampling location were very similar,

sites varied slightly in total species richness and the abun-

dance of rarer species. Sites were almost identical in func-

tional group richness.

2.3 A conceptual functional group classification for the

GNP region

We modified the experimentally derived water parti-

tioning models of Sala et al. (1997) to produce a concep-

tual functional group classification for the GNP region

(Figure 1). According to Sala’s model, water partitioning

occurs because succulents, grasses, forbs and shrubs each

typically exhibit different rooting depths, and thus draw

water from separate stores in the soil profile. However,

our model differed in two respects. First, we identified Se-

laginella densa and Lichen as two additional functional

groups. Selaginella densa (spikemoss) is the most abun-

dant species in GNP and contributes roughly 30% of the

vegetation by weight on upland sites (Davidson, unpub-

lished data). This carpet-like plant is able to utilize the

shortest-term sources of water from the uppermost soil

layer because of its very shallow rooting system and com-

plex architecture. Lichens are also present in most of the

plant communities in GNP. These species are also suffi-

ciently distinct physiologically to warrant them being

classified as a separate functional group. Second, we fur-

ther subdivided grass, shrub and forb groupings according

to their photosynthetic pathways (i.e., cool-season (C3)

vs. warm-season (C4)). The seasonal displacement in pro-

duction between these two types reflects temporal differ-

ences in their water acquisition strategies. Cool-season

species green up in early spring and are most active under

the cooler conditions of spring and fall, warm-season spe-

cies green up later in the growing season, and are more

active under the hotter and drier summer months.

2.4 Sampling design

2.4.1 Estimating plot-level productivity from spectral re-

flectance information. At each upland site, 72 circular

sampling plots of 0.5 m diameter (hereon referred to as

diversity plots) were arranged in a nested design (Figure

2.a; see following sections and Webster 1979). Spectrally

reflected radiation in Landsat TM bands 3 (0.63-0.69 µm)

and 4 (0.76-0.90 µm) were measured over each of these

plots using an Exotech Model 100BX radiometer
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Figure 1. Nine functional groupings used in study (Selaginella densa, succulents (CAM), cool season (C3) grasses, warm

season (C4) grasses, cool season forbs, warm season forbs, cool season shrubs, warm season shrubs and Lichen. Classifica-

tion is based on the various water partitioning strategies of grassland plants, as described by Sala et al (1997).

Figure 2. Field sampling scheme: (a)

The location of spatially nested (n =

72) plots at each of our three sample

sites. (b) The spatial aggregation

method through which plot-resolu-

tion (0.5 m) information is scaled to

coarser observational scales (2.5 m,

10 m, 50 m). Diagram is modified

from Davidson and Csillag (2001).
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(Exotech Inc., Gaithersburg, MD, USA). The radiometer

has a 15
�

Field Of View (FOV) and was mounted at a

height of approximately 1.5 m, giving a spatial sample

resolution of 0.5 m (nadir view). Sampling commenced

prior to greenup (mid-May) and proceeded well into the

time of seasonal senescence (mid-to-late August). Radio-

metric sampling required cloudless sky conditions, result-

ing in a restricted sampling temporal resolution of

roughly bi-weekly intervals. The largest gap between

consecutive sampling dates (25 days, 19
��

July to 13
��

Au-

gust) was a result of the radiometer being unavailable. In

all, nine sets of spectral measurements were gathered dur-

ing the 1998 growing season for each of the 216 diversity

plots used in this study.

On each sampling date, spectral measurements were

taken within 2 hours of solar noon and referenced to a bar-

ium sulfate panel once every 7 to 12 minutes. Plot reflec-

tance factors were computed from a ratio of canopy radi-

ance to that of the reference panel, and subsequently

transformed into the Normalized Difference Vegetation

Index (NDVI),

(1)

where NIR and R correspond to reflectances in the near-

infrared and red wavelengths, respectively. These NDVI

values were then used to estimate within-plot above-

ground live biomass (ALB; in g/m
�
) using an empirical

relationship derived by Davidson and Csillag (2001) for

similar northern prairie sites [ALB = 2.9(NDVI) – 45.6].

ALB estimates were then used to create a seasonal “pro-

ductivity profile” for each diversity plot, from which vari-

ous measures of total plot aboveground net primary pro-

ductivity (ANPP) were derived.

Five different measures of ANPP were derived for

each diversity plot. These measures differed in terms of

their respective data requirements. While some required

only that ALB be estimated a few times during the grow-

ing season, others required more temporally intensive ob-

servations. Three measures – the Peak biomass method

(ANPP��; e.g., Bourlière and Hadley 1970), the Max-min

method (ANPP��; e.g., Ovington et al. 1963) and the IBP

method (ANPP���; e.g., Milner and Hughes 1968) – were

selected because of their frequent use in field studies of

grassland productivity. Measured over a complete grow-

ing season, these approaches use the maximum recorded

live biomass, the difference between the maximum and

minimum recorded live biomass and the sum of the posi-

tive increments in recorded live biomass as measures of

ANPP, respectively. A Time-integrated (ANPP��)

method was selected because of its similarity to the time-

integrated NDVI measures often used to estimate grass-

land productivity in coarser-resolution remote sensing

studies (e.g., Tieszen et al. 1997). This measure uses the

sum of recorded post-greenup seasonal ALB as a measure

of ANPP. The averaging (ANPP	
) method was selected

primarily as an “experimental” measure; while we know

of no other studies that have utilized this measure for pro-

ductivity estimation, its mathematical simplicity and pos-

sible relationship to total ANPP makes it worthy of fur-

ther investigation.

2.4.2 Measuring plot-level species and functional group

diversities. The species and functional richnesses of each

diversity plot were calculated as the total number of spe-

cies and functional groups rooted within the plot, respec-

tively. To minimize possible sampling bias caused by the

selection of a June sampling date, diversity plots were

again sampled in August.

2.4.3 Scaling diversity-productivity relationships using

nested sampling. We used our nested sampling design to

scale plot-level (0.5 m resolution) measurements of

ANPP and richness – and hence the relationships between

them – “up” to coarser spatial resolutions of 2.5 m, 10 m

and 50 m (see Webster, 1979). At each sample site, the 72

diversity plots were nested as four levels. Each level of

nesting corresponded to a specific sampling resolution

(0.5 m
�
; level III = 2.5 m

�
; level II = 10 m

�
; level I = 50

m
�
). The scaling of diversity and productivity information

occurred through the successive aggregation of sampling

points (3-plot aggregation at level III; 7-plot aggregation

at level II; 8-plot aggregation at level I; Figure 2). At each

of the three sites, this sampling approach resulted in n =

18 estimates of each measure of diversity and productiv-

ity at level III (2.5 m), n = 9 estimates at level II (10 m)

and n = 9 estimates at level I (50 m) (i.e., total n = 216 at

0.5 m; total n = 54 at 2.5 m; total n = 27 at 10 m; total n =

27 at 50 m).

2.5 Statistical methods

All statistical analyses were conducted using the S-

PLUS statistical package (Version 4.5), and P< 0.05 was

used to determine significance in all tests. We used sepa-

rate univariate regressions to assess the individual effect

of each scale of plant diversity on each spectrally-derived

measure of productivity. This tested for both the strength

of the diversity – ANPP relationship as well as deter-

mined if each species or functional groups contributes

equally (linear) or nonequally (nonlinearly) to ANPP. We

then used separate multiple regressions to assess the rela-

tive strength of SR (species richness) and FR (functional

richness) in predicting ANPP on each of these productiv-

ity measures. All regressions were fit by linear least

NDVI
NIR R

NIR R
= −

+
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squares (n = 216 at 0.5 m; n = 54 at 2.5 m; n = 27 at 10 m

and 50 m). Variates were tested for normality prior to their

use. Those that did not meet assumptions of normality and

homoscedastity were log�-transformed. Multiple regres-

sion models were checked for multicollinearity problems

using variance inflation factor criteria. These models

were specified with two independent terms (SR and FR).

For all univariate and multiple regressions, proper diag-

nostic checks were performed on model residuals. All as-

sumptions regarding residuals were met, including those

concerning spatial autocorrelation.

Where partial regression coefficients from multiple

regressions showed the effects of SR to be significant, we

tested whether this significance could be attributed to the

presence of any particular species or combination of spe-

cies. To test the effects of individual species identity, we

repeated the previously described multiple regressions,

but used SR and 21 dummy (binary) variates as inde-

pendent variables. Each dummy variate described a spe-

cies as either absent or present. To test for the effects of

species composition, we used the dummy variates to cre-

ate binary regression trees, from which the most influen-

tial combinations of species were visually extracted. We

then tested whether the observed ANPP of sample plots

containing these various combinations were significantly

different from those plots where the combinations were

absent. Because the number of observations belonging to

each class (i.e., combination present vs. combination ab-

sent) were highly unbalanced in most cases, data did not

meet the assumptions required for traditional one-way

analysis of variance (ANOVA). Thus, instead we tested

for differences between classes using the Mann-Whitney

U-test (Wilcoxon two-sample test). Tests for the effects

of identity and composition were subsequently repeated

for functional groupings where multiple regressions

showed the individual effects of FR to be significant. To

do so, we replaced our original independent variates with

FR and 8 dummy variates, each dummy variate describing

a functional group as either absent or present.

3. Results

3.1 Individual effects of SR and FR on ANPP

We used separate univariate regressions to test the in-

dividual effects of SR and FR on each spectrally-derived

measure of ANPP (Table 1, Figures 3 and 4). Table 1

shows that, with few exceptions, the effects of SR on

ANPP are greater than those of FR across all sampling

resolutions and ANPP measures. But table 1 also shows

that the significance of regressions decreases as plot ob-

servations are aggregated to coarser sampling resolutions.

Most relationships are highly significant (P < 0.001) at

0.5 m, significant (P < 0.05) at 2.5 m, and non-significant

(P ≥ 0.05) at 10 m and 50 m. Coarsening data resulted in

flatter richness gradients being observed across sampling

units.

An analysis of the mean observed productivity at each

level of richness indicate that the overall observed rela-

tionship between richness and ANPP can, for the most

part, be characterized by an asymptotic log�-linear func-

tion (dashed lines in Figure 3). However, linear models

best describe relationships between richness and mean

ANPP�� at both 10 m and 50 m (Figure 4), and SR and

ANPP��� at 50 m. This analysis was repeated using the

upper and lower bounds of variation in ANPP (dotted

lines in Figure 3). At the plot-level, regression models fit

to these data provided weaker relationships than those de-

scribed for mean ANPP. We did not investigate these re-

lationships at coarser resolutions because some levels of

richness, particularly those of 10m and 50m, comprised

only one observation.

3.2 Combined effects of SR and FR on ANPP

We used separate multivariate regressions to test the

relative effects of SR and FR on each ANPP measure (Ta-

ble 2). At the plot-level, multiple regressions of SR and

FR on ANPP provide relatively poor fits (r
�

= 0.07 to

0.17), although overall relationships are significant

(F���� = 8.02 to 20.4; P < 0.001). Poor and less-signifi-

cant fits are also observed at coarser sampling resolutions

(all r
� ≤ 0.23). Partial regression coefficients indicate that

after accounting for the effect of FR the individual effect

of SR is highly significant (P < 0.001) at the plot-level in

all cases. At coarser resolutions, this effect becomes less

significant. In contrast, the individual effect of FR after

accounting for the effect of SR is significant (P < 0.05)

only where ANPP��� is used as the dependent variable at

0.5 m.

3.3 Effects of species and functional group identity on

diversity-ANPP relationships

Where multiple regressions showed the effects of SR

to be significant, we tested whether this significance

could be attributed to the presence of any particular spe-

cies. Multiple regressions using SR and 21 dummy vari-

ates (each describing a species as either present or absent)

indicate that the presence of certain species has signifi-

cant effects on SR-ANPP relationships at the plot-level.

At this scale of observation, the presence of S. comata,

Artemisia frigida, Sphaerolcea coccinea, Phlox hoodii

and A. cana exert significant effects on SR-ANPP rela-

tionships. In contrast to these results, tests at coarser sam-

pling resolutions show that species identity has no signifi-
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cant affect on SR-ANPP relationships at 2.5 m, 10 m or

50 m resolutions.

We then tested whether the significant effects out-

lined above could be attributed to the presence of any par-

ticular combination(s) of species. We used binary regres-

sion trees to identify which species combinations most

influenced plot-level ANPP (see Figure 5). Figure 5.a il-

lustrates that, on average, the observed ANPP�� of diver-

sity plots containing S. comata, A. frigida and S. coccinea

is 33% higher than in plots where S. comata is not present

(78 g/m
�

compared to 104 g/m
�
, respectively). The other

measures of ANPP utilized in this study were also influ-

enced at this sampling resolution, but by different combi-

nations of species (ANPP��, S. comata, A. frigida and S.

coccinea; ANPP���, S. comata, B. gracilis and A. frigida;

ANPP��, S. comata and P. smithii; ANPP	
, S. densa, S.

comata and A. frigida). We then used the Mann-Whitney

U-Test to test for significant differences between the

ANPP values of plots containing these various species

Table 1. The resolution-dependence of coefficients of determination (r
�
) and F-values (F) for univariate regressions of spe-

cies richness (SR) and functional richness (FR) on the various spectrally-derived measures of productivity used in this study

(PB = Peak biomass; MM = Max-Min; IBP = International Biosphere Program; TI = Time-integrated; AV = average). NS, P

< 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001 for tests of significant difference of parameter values from 0. Note the use

of log�-transformed variables (ANPP��; ANPP���) for regressions at 0.5 m. † df = 1, 196.
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Figure 3. Dependence of ANPP measures (PB = Peak biomass; MM = Max-Min; IBP = International Biosphere Program; TI

= Time-integrated; AV = average) on the observed species richness (SR) and functional richness (FR) of diversity plots (0.5

m sampling resolution). Dashed lines (- - -) are log�-linear functions fitted to the mean observed ANPP at each level of SR

(�) and FR (�). Dotted lines (. . .) are log�-linear or linear functions fit to the upper (�) and lower bounds (�) of observed

ANPP at each level of richness. More complex curves did not provide significantly better fits. Coefficients of determination

(r
�
), F-values and significances of all fits are given in Table 2.

Figure 4. The effect of sampling resolution on the relationship between the Max-Min ANPP (ANPP��; mean and SE) and

species richness (SR, panels (a) to (d)) and functional richness (FR, panels (e) to (h)). Lines of best fit are fit to mean ANPP at

each level of richness. Where no error bars exist, points represent a single observation for the given diversity. Note that the

lines of best fit are presented here to guide the eye. We do not report regression statistics here because these data do not meet

the distributional requirements of traditional parametric statistics.
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combinations and those where respective combinations

were absent. We found that significant effects of species

composition exist for ANPP�� (S. comata + A. frigida +

S. coccinea (P < 0.001)), ANPP�� (S. comata + A.

frigida + S. coccinea (P < 0.001); S. comata + A. frigida

(P < 0.001)), ANPP��� (S. comata + B. gracilis + A.

frigida (P < 0.001); B. gracilis + A. frigida (P < 0.001); S.

comata + B. gracilis (P < 0.01)); and ANPP	
 (S. densa

+ S. comata + A. frigida (P < 0.001); S. densa + S. comata

(P < 0.001); S. comata + A. frigida (P < 0.001)). There

were no significant effects of species composition on the

ANPP�� at this sampling resolution, or on any ANPP met-

ric at coarser observational scales.

We repeated the above analyses for functional group-

ings where necessary (i.e., on ANPP��� at 0.5 m sampling

resolution). Multiple regressions using 8 dummy variates,

each describing a functional group as either present or ab-

sent, and ANPP��� indicate that the presence of certain

functional groupings also has significant effects on the re-

lationship between FR and ANPP��� at the plot-level

(cool season forbs (P < 0.05) and warm season grasses (P

< 0.05)). Furthermore, binary regression trees also show

that certain functional group compositions are associated

with higher levels of ANPP���at this sampling resolution.

Here, the ANPP��� of diversity plots containing cool sea-

son shrubs and warm season grasses is almost double that

of plots where cool season shrubs, warm season forbs and

Table 2. The independent and combined effects of SR and FR on productivity measures, as determined by multiple regres-

sions. Values shown are regression parameters (intercept (c), partial regression coefficients (SR (species richness) and FR

(functional richness)), the overall coefficient of determination (r
�
) and the overall F-value (F). † df = 2, 195.
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S. densa are all absent (89 g/m
�

compared to 49 g/m
�
, re-

spectively) (Figure 5.b). We used the Mann-Whitney U-

Test to examine whether the observed ANPP���of sample

plots containing various combinations of these functional

groups were significantly different to those plots where

such combinations were absent. We found significant ef-

fects of functional group composition for only a combina-

tion of warm-season grasses and warm-season forbs (P <

0.001). The presence of non-significant relationships be-

tween functional group diversity and ANPP at coarser

resolutions meant that the further testing of functional

group identity and compositional effects was unnecessary

at these observational scales.

4. Discussion

4.1 Shapes and strengths of observed diversity –

productivity relationships

In general, we found weak and positive relationships

between ANPP and either SR or FR, when univariate re-

gressions were applied to all data, but strong log�-linear

relationships when similar regressions were applied to the

mean observed ANPP at each level of richness (Table 1,

Figure 3). These relationships were highly significant at

the finest sampling resolutions, but less so at coarser reso-

lutions. While these results are consistent with those re-

ported by many single-location experiments (e.g., Naeem

Figure 5. Binary regression trees showing the influence of (a) species composition on ANPP�� (g/m
�
), and (b) functional

group composition on ANPP��� (g/m
�
). Regression trees refer to data collected at 0.5m resolution. Binary partitioning splits

our data according to whether species (a) or functional types (b) are present (P) or absent (A). Original regression trees were

pruned to show only the most important influences on ANPP.

96 Davidson et al.



et al. 1994, Tilman et al. 1997b ), as well as those pre-

dicted by theory (Loreau 1998, Tilman 2000), they are

less consistent with the study of Tilman et al. (2001), who

reported linear richness-productivity relationships for the

final year in a 7-year experiment. However, when we re-

placed each of our log�-linear functions with a linear one

at a sampling resolution comparable with theirs (10 m, in

comparison to their 9 m), the total variance in ANPP ex-

plained by our models decreased only by 5% on average

with little change in statistical significance. This suggests

(a) that linear regression models may be equally appropri-

ate for explaining our richness-ANPP relationships at this

sampling resolution, and (b) that the nonlinearity of ob-

served richness-productivity relationships may vary ac-

cording to spatially variable influences – such as distur-

bance type (e.g., fire, grazing), disturbance frequency

(long vs short disturbance frequencies), recent weather,

existence of hysterisis – that influence the composition of

the plant community under scrutiny. Note that the ob-

served linearity of diversity-productivity relationships at

coarser sampling resolutions is likely caused by few ob-

servations in the lower richness range.

The non-significant relationships found at coarser

scales has two possible explanations. The most parsimo-

nious is that it results from the small sample sizes gener-

ated by data aggregation. That is, a lack of statistical

power to detect a relationship that otherwise may exist.

Alternatively, this could be a real pattern following the

predictions of both diversity – productivity hypotheses.

Previous research in Grasslands National Park has shown

that at a scale of approximately 11-15 m
�
, all species and

functional groups in the vegetation community are cap-

tured (Davidson 2002). This would suggest then that in

our two smallest sampling plots, virtually all common

species and functional groups would be represented, such

that in the larger plots, any increases in diversity would

result in little or no increase in ANPP.

The partial regression coefficients generated by mul-

tiple regressions of ANPP on both SR and FR indicate that

the number of species occurring in a sampling unit may

be a stronger determinant of ANPP than the total number

of functional groups per se. Indeed, these results suggest

that the productivity of plots containing an equal number

of species is independent of the number of functional

groups present. These results contradict those of Hector et

al. (1999), who found that both SR and FR affected pro-

ductivity, and those of Tilman et al. (1997a) who found

that only FR had a significant effect on productivity in

their early-successional experimental plant community.

Our results are more consistent with the results of Tilman

et al.’s (2001) longer-term study where the effects of SR

on productivity became more highly significant as the

community aged.

What is noteworthy is that we found any relationship

between diversity and productivity at all. Experimental

assemblages of species in low productivity plots have

shown that there is no effect of diversity on ANPP in low

productivity sites, such as ours in Grasslands National

Park (Fridley 2002, Hector et al. 1999).

4.2 Existence of sampling and complementarity effects

4.2.1 Controlling for “hidden” effects of composition.

While the above results generally show positive relation-

ships between richness and ANPP they do not explicitly

control for the effects of particular species or functional

types, or particular combinations of species or functional

types. Experimental studies are able to control for such

effects by manipulating not only the number of species

and functional groups present, but also their identities and

relative abundances. Often, these studies also test for

these effects by comparing the total productivities of spe-

cies mixtures with those achieved by monocultures of the

highest yielding component species (Hooper et al. 2005,

Huston 1993). Evidence for the existence of niche com-

plementarity is provided where the average productivity

of plant assemblages is found to be more productive than

those of monocultures (“overyielding”) (Huston 1993).

Conversely, the better performance of monocultures

(“underyielding”) provides evidence for the existence of

species effects. Where there has not been an appropriate

manipulation of diversity, as in observational studies such

as ours, statistical approaches can be used to control for

the compositional differences that may also covary with

diversity (Tilman 1999).

4.2.2 Evidence of the sampling effect. Multiple regression

analyses suggest that the presence of about five dominant

species significantly affect upland plant community di-

versity-ANPP relationships at the plot-level. These spe-

cies are S. comata, A. frigida, P. hoodii, A. cana and S.

coccinea. Many factors contribute to plant community

composition at any point in time (Tilman 1999), so it is

difficult in the absence of experiments to establish why

these species were consistently dominant. While they dif-

fer in architecture, growth form, longevity and life his-

tory, they share an ability to exploit either temporally

ephemeral or spatially inaccessible sources of water (i.e.,

capture of limiting water resources either in the spring

when they are most available (S. comata) or from deeper

in the soil profile later in the season with longer roots (A.

frigida, P. hoodii, A. cana)). However, these cannot be

unique traits in a water limited environment. Given that

significant effects of species identity on productivity have
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been reported by other studies, albeit at coarser sampling

resolutions (e.g., Tilman et al. 1997a (13 m resolution),

2001 (9 m resolution)) and for nitrogen-fixing species (e.g

Hector et al. 1999, Huston et al. 2000, e.g., Tilman et al.

1997a), it would seem worthwhile to experimentally in-

vestigate which traits afford these species their advantage

in this grasslands community.

The significant effects of species at the plot-level are

consistent with species-area relationships derived from

the independent transect sampling of each study site

(Csillag et al. 2001, Davidson unpublished data). These

data generally show that the most dominant plant species

in our upland communities occur within only a few meters

of each other. Thus, as diversity information is succes-

sively aggregated from the plot-level to coarser resolu-

tions, the likelihood that a sampling unit will contain most

or all of these species becomes high. Indeed, at resolu-

tions of 10 m and 50 m, all sample observations were

found to contain each of these five species. These results

indicate that the scale(s) at which richness and productiv-

ity covary in a grassland community may be dependent on

the spatial organization of the community; that is, the how

finely species are mixed together. Well-mixed communi-

ties such as ours may be expected to show significant re-

lationships at finer resolutions than communities where

plant species are less-well mixed. These results also sug-

gest that significant relationships between species diver-

sity and ANPP at 2.5 m, 10 m and 50 m resolutions likely

result from factors other than species identity.

Our results show that the presence of two functional

groups – namely, cool-season shrubs and warm-season

grasses – can also significantly influence plot-level

ANPP. These results agree with the findings of other di-

versity-productivity studies. First, a further analysis of the

harvested ALB data used by Davidson and Csillag (2001)

shows that both these functional groups contribute more

ALB per unit area than any other grouping (results not

shown). Second, significant effects of warm-season

grasses on productivity were also reported by Tilman et

al. (1997a) and Tilman (2001) for experiments in tallgrass

prairie. The greater biomass of these functional types is

consistent with the explanations offered earlier for par-

ticular species. Where other studies report the significant

effects of functional group identities, they have com-

monly been for nitrogen fixing legumes, which can be

collectively considered as a functional grouping in its

own right (see Aarssen 2001; see Spehn et al. 2000).

Our results are generally consistent with other grass-

land studies that have reported significant composition ef-

fects of functional groups (see Hector et al., 1999, Hooper

1998). Tilman et al. (1997a) noted that the inclusion of

warm-season species and legumes in experimental plots

increased plot productivity in an early successional com-

munity. The same authors (Tilman et al. 2001) reported

that a combination of four dominant species, three of

which were warm-season, significantly influenced the

productivity of the same community. They also found the

additive effects of rarer plant species to be similarly im-

portant. Hooper and Vitousek (1997) and Hooper (1998)

found that functional group composition explained more

of the variance in productivity compared to that explained

by richness. Particularly, they found that plots containing

early-season annuals became more productive as more

functional groupings were added.

4.2.3 Evidence of niche complementarity and positive

species interactions. Theory predicts that the average to-

tal productivity of a plant community, as well as its upper

and lower bounds of variation, will increase with species

richness under niche complementarity and positive spe-

cies interactions (see Huston 1997; see Tilman 2001).

Where this occurs, the productivity of plant assemblages

is found to be more productive than those of monocultures

(an occurrence often referred to as “overyielding”). Ove-

ryielding occurs because some higher-diversity species

combinations are more likely to contain positive or com-

plementary interactions among species or functional

groups than any possible lower-diversity combination or

monoculture (Spehn et al. 2000).

Evidence for the existence of niche complementarity

at our grassland sites is provided by Figure 3. Log�-linear

regression models fit to our plot-level data show strong

and significant increases in total ANPP and its upper and

lower bounds of variation with increasing richness, thus

supporting the presence of overyielding at this scale. This

is especially true for lines fit to the mean observed ANPP

at each level of richness, even when observations are ag-

gregated to coarser sampling resolutions (Table 1, Figure

4). To further test for the effects of composition on these

relationships, we repeated these regressions, but only for

plots where the three most productive species were pre-

sent (results not shown). Despite the weaker statistical

power associated with smaller sample sizes, log�-linear

regression models fit to these data still showed strong and

significant increases in average ANPP and its upper and

lower bounds of variation. Similar results were obtained

when plots containing at least one of the two most produc-

tive functional groups were retained in the analyses.

These results are consistent with those described by Til-

man et al. (2001) for their later-successional communi-

ties. We did not repeat these regressions at coarser reso-

lutions because all plots at contained at least one of the

most productive species at these scales.
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4.3 Effects of ANPP metric utilized

Our results show that although the general forms of

observed ANPP-diversity relationships are independent

of the ANPP measure utilized, the strengths of relation-

ships, as well as the identity of species affecting them, are

not. These differences reflect the varying degrees to

which ANPP measures are correlated and, most likely, the

times during the growing season where ALB samples

were taken. The measures that are well correlated tend to

be computationally similar (e.g., both ANPP�� and

ANPP�� are a function of peak seasonal ALB) and sig-

nificantly influenced by the presence of the same species

and species combinations. Other measures are not well

correlated (e.g., ANPP	
 and ANPP���), however, and

show large differences in not only the strength of ob-

served relationships, but also in terms of the identity of

species that significantly affect them.

These results indicate that the effects of species on

ANPP depend on which the ANPP measure utilized. We

may expect the presence of individual plant species to ex-

ert most influence on ANPP metrics derived from single

sampling dates. For example, we might expect ANPP�� to

primarily be influenced by the plant species most photo-

synthetically active at the time of recording peak biomass.

Conversely, we may expect species effects to be sup-

pressed where ANPP is derived from multiple measure-

ments over an entire growing season, as is reported here

for ANPP��. Such results also indicate that the direct com-

parison of diversity-productivity relationships may be in-

appropriate between studies where different and possibly

uncorrelated productivity measures have been utilized.

4.4 Limitations of study and other considerations

Our study is limited in a number of ways. First, and

most importantly, our approach lacks any experimental

control of diversity. As a result, our results will always be

open to other interpretations (see Tilman 1999). This criti-

cism is not unique to our study. Indeed, it has often been

directed at observational approaches in general because of

their difficulty in controlling for the many variables that

potentially covary with diversity.

Second, a major assumption of all the diversity-pro-

ductivity studies reported in this paper is that they operate

on local scales; that is, sites that are populated from the

same species pool and exist under similar physical condi-

tions (Aarssen 2001, Tilman 1999). While the proximity

of our three field sites, their comparable physical environ-

ments and species compositions give us no reason to be-

lieve that we have broken these assumptions, we did not

explicitly assess inter- or intra-site spatial variations in re-

source supply in our analyses. Micro-topoedaphic effects

– such as small-scale spatial variation in aspect that bring

about spatial variation in thermal loading, or small-scale

spatial variation in soil organic content that bring about

spatial variation in soil moisture holding capacity – may

also influence the relationship between diversity and pro-

ductivity. Although not considered here, the influence of

these effects on diversity-productivity relationships could

be assessed in future studies by including variables corre-

sponding to these factors as covariates in regression

analyses.

Third, although one of the advantages of using the re-

mote sensing approach to estimate ALB is its ability to

sample non-destructively, destructive field sampling in

some form is generally unavoidable. We relied on pre-

viously described empirical relationships (Davidson and

Csillag 2001) to estimate ALB from spectral information

at our field sites. However, because the relationship be-

tween spectral and plant biophysical information is influ-

enced by a number of other factors, including the amount

of standing dead biomass, soil color or sensor height,

these empirical relationships are often site-specific. Thus,

the further application of these technologies to other geo-

graphical locations would require location-specific cali-

bration in situ.

Fourth, our study did not assess the influence of the

bidirectional distribution reflectance function (BRDF) of

the canopy on the observed relationships between diver-

sity and productivity. Ground remote sensing of reflec-

tance in grassland environments is significantly influ-

enced by the BRDF of the canopy (Goodin et al. 2004), a

property that is influenced by canopy architecture (or

growth habitat) and sun-target-sensor geometry. The con-

sideration of canopy architecture is important because the

same aboveground live biomass articulated in an erecto-

phile canopy and in a planophile canopy should appear

spectrally different. Although not considered here, the ef-

fects of canopy architecture on spectrally-derived diver-

sity-productivity relationships could be elucidated in fu-

ture studies by including variables corresponding to the

fractional cover of erectophile and planophile vegetation

as covariates in regression analyses.

Fifth, we have shown that relationships between di-

versity and ANPP are dependent on the ANPP metric

used, as well as the scale of observation. Consequently,

the explicit consideration of both these factors is required

for a detailed characterization of diversity-productivity

relationships at any given sample site. Where relation-

ships have been derived using few productivity measures,

or at a single sampling resolution, the subsequent discus-

sion of results should be clearly interpreted only within
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the context of the specific sampling framework (e.g., clear

identification of richness-peak biomass relationships

rather than general descriptions of diversity-productivity

relationships).

Sixth, our functional group classification was based

on the water-partitioning strategy of plant species present.

While such a classification seems reasonable for our

water-limited grassland environment, there are many

other ways to group plants according to their function.

Such groupings may produce diversity-productivity rela-

tionships much different to those described here.

5. Conclusions

Our study provides a valuable insight into the nature

of diversity-productivity relationships of northern mixed

grass prairie. For our upland grassland sites, we have

shown that richness-productivity relationships are (a)

generally asymptotic in nature, (b) dependent on the

ANPP metric utilized as well as the scale of observation,

and (c) likely simultaneously influenced by both diversity

(i.e., niche and complementarity effects) and composition

(i.e., sampling effects). These results are consistent with

the many of the grassland diversity-productivity relation-

ships reported to date, as well as with theory (e.g., Tilman

1999). Despite the various listed limitations of this study,

our results have broader implications for the management

of northern prairie environments, both in terms of predict-

ing the effect of climate change on production and the

ability to monitor changes. Additionally, they illustrate

that ground-level proximal sensing can be a useful tool to

estimate non-destructively aboveground live biomass in

grasslands, once a satisfactory local calibration can be de-

veloped. However, longer-term work in other community

types at GNP is needed to determine the overall generality

of these results and to better assess the implications of

biodiversity for grassland ecosystem management.
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Appendix A. Species list for diversity plots sampled at GNP during 1998. Full scientific names, authorities,

common names and seasonality are given (Nomenclature: Stubbendieck et al. 1986).

���		�	

Agropyron smithii !���� ��	���� ��������		 ���

Agropyron dasystachyum "%����# ������� �������� ��������		 ���

Bouteloua gracilis "%�&�'�# (��� �) ������ &�� ���������		 ����

Koeleria pyramidata "(���# &����� *��� ���		 ���

Poa pratensis (� '������� ��� ���		 ���

Stipa comata ����� + !���� ����� ���		 ���

Stipa viridula ����� ����� ����� ���		 ���

Carex eleocharis &����, (�� 	���� ���
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Achillea millefolium (� ��	���� ������ ���

Antennaria rosea ������ !�	�  ����	���� ���

Chrysopsis villosa "���	�# ����� %���� ����� -	��� ����

Gutierrezia sarotha "���	��# &����� + !�	�� 
����� ��������� ����

Liatris punctata %��� .����� ��/���	��� ����

Phlox hoodii !������	 0�		 ���) ���

Selaginella densa !���� �������		 ���������

Sphaeralcea coccinea "���	��# !���� ������ ���� ����

Taraxacum officinale ����� 
����� �������� ���

Vicia americana 0��� -������� ����� ���

�����	

Artemisia frigida ���� ��	���� 	��� ���

Artemisia cana ���	�� ����� 	������	� ���

Rosa arkansana ������ (�� ������� ��	� ���

(�����

Xanthoparmelia chlorochroa (����� �

† Grasses included members of the Cyperaceae. Nomenclature for C. eleocharis follows The Great Plains Flora

Association (1997).

†† Forbs are herbs not in the families Poaceae or Cyperaceae (functional definition after Lauenroth 1997).
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