
Introduction

In recent decades, there has been a marked increase in

the dissolved nitrogen (N) content of the precipitation

falling in the U.S. and other agro-industrialized nations.

This N arises from several sources, principally nitrogen

oxides (NO, N�O, and NO�) from fossil fuel combustion,

ammonia (NH�) that has volatilized from anhydrous am-

monia fertilizer applied to agricultural fields, extensive

cultivation of N-fixing legumes, and NH� as a breakdown

product of urine and feces decomposition within concen-

trated cattle and hog production operations (Galloway et

al. 1995, Vitousek et al. 1997). Together, these sources

are estimated to have increased the biologically available

N input to terrestrial ecosystems by 25% to more than 100

% over ambient levels (Wedin and Tilman 1996, Vitousek

et al. 1997). In the United States, natural (unpolluted)

rates of N deposition range from 1.0 to 7.0 g N/m
�

as NO�

and NH� (Wedin and Tilman 1996). Levels of N deposi-

tion measured for northern Europe have been as high as

11.5 to 13.0 g/m
�
/yr (Aerts and Berendse 1988, Wright

and Van Breeman 1995, Jeffries and Maron 1997).

Some N compounds (e.g., N�O) have been implicated

as so-called greenhouse gases which may play significant

roles in long-term global climate change (Albritton et al.

1995), with possible effects on biodiversity and extinction

in some environments (Peters and Lovejoy 1994). More

directly, concerns have been raised about the “fertilizer

effects” of increased dissolved N within several types of

natural ecosystems, especially in how such effects may

shift competitive outcomes among plant species or affect

rates of nitrogen cycling (Vitousek et al. 1997).

In terrestrial ecosystems, including temperate grass-

lands, rates of plant production and accumulation of

biomass are typically limited by N supply (Tamm 1991,

Vitousek and Howarth 1991). Over evolutionary/eco-

logical timeframes, chronic N limitation has selected for

a variety of plant adaptations to acquire and use N effi-
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Abstract: In recent decades, nitrogenous compounds, arising from various anthropogenic sources, have become signifi-
cant components of precipitation and have been shown to have some profound effects on both species richness and
dominance of some plant communities. To examine how nitrogen addition can affect the species composition of Central
Great Plains prairie plant communities, we applied N fertilizer at five levels for each of five consecutive years at two
sites in south-central Kansas with similar rainfall and temperature regimes. One site was a tallgrass prairie and the other
was a sand prairie community. The treatments consisted of N additions at the rate of 0, 5, 10, 20, and 40 g N/m

�
in the

form of solid urea. Within permanent plots, we monitored annually species richness and evenness, and percentage cover
by cool-season graminoids, N-fixing species, and annual/biennial species. All these measures varied considerably
among years at both sites, but N treatment effects were evident at the sand prairie site only. At the sand prairie, in general
species richness and percentage cover by legumes declined with N addition. Moreover, species were excluded non-ran-
domly from N addition plots, with several species apparently particularly intolerant of N addition. The results reinforce
a relationship, observed in Europe and the northern Great Plains, between N addition and plant biodiversity decline in
grassland communities, and may point to a serious conservation concern for rare species under a chronic regime of
N-enhanced precipitation.

Nomenclature follows: Great Plains Flora Association (1986).

Abbreviation: NPP – Net primary productivity.



ciently (Turner and Knapp 1996). Consequently, many

wild plant species have developed elaborate adaptations

to contend with prevailing low-N availability. Not sur-

prisingly, then, a rapid increase in the biologically avail-

able N supply, as has occurred in industrialized countries

since the 1940s, is likely to have major effects on the func-

tioning of Earth’s ecosystems. For example, it has been

shown experimentally that supplemental N concentra-

tions approximating those now occurring in precipitation

can shift competitive outcomes between plant species in

experimental systems as well as within a variety of natural

grassland communities (e.g., Christie and Detling 1982,

Pratt 1984, Aerts et al. 1990, Turner and Knapp 1996),

resulting in sometimes dramatic shifts in plant species

composition (e.g., Tilman 1987, Aerts and Berendse

1988, Wilson et al. 1995, Turner and Knapp 1996, Wedin

and Tilman 1996, Bobbink et al. 1998, Huberty et al.

1998) and concomitant reductions in biodiversity (e.g.,

Pratt 1984, Tilman 1987, 1993, Gough et al. 2000).

In summary, previous studies of temperate plant com-

munities have shown that N enrichment, a simulation of

atmospheric N pollution, can, depending on the particular

ecosystem type, alter the species composition of the com-

munity. Plants that have been shown to be favored under

enhanced N conditions include introduced or invasive

species, those with high relative growth rates, annuals, C�

graminoids, or woody shrubs. Secondly, N addition al-

most always leads to reduced species richness in both

natural and semi-natural plant communities.

The goal of the present study was to conduct a com-

parative, multiple-year examination of N effects within

two undisturbed central Plains grasslands. Bethel Col-

lege’s ownership of two native prairie areas allowed an

examination of N effects within two distinct plant com-

munities that occupy different soil types (silty clay loam

vs. fine sand), have three-fold differences in mean net pri-

mary productivity (NPP), and support different species

compositions, but that experience roughly similar tem-

perature and rainfall regimes.

Hypotheses examined

With this study, we examined five hypotheses con-

cerning the effects of N supplementation on prairie plant

communities.

First, we predicted that additional N will decrease spe-

cies richness in grassland communities (H1). We ex-

pected that the species best able to take advantage of N-

enriched conditions would outcompete species adapted to

lower-N conditions, reducing the total number of species

present in plots through root or canopy competition, or

both (Tilman 1987). Piper (1995) found that species rich-

ness was higher, and the level of dominance lower, for

low soil fertility than for high soil fertility prairie sites.

Second, we predicted that, if N enhancement differen-

tially favors a subset of species, then species evenness

would also decline in these plots due to increased domi-

nance by a few species tolerant of or favored by high-N

conditions (H2). Declining evenness can also signal in-

creasing rarity of species in communities.

Third, we expected to observe a decline in the percent-

age cover by N-fixing legumes in N-enhanced treatments

(H3). Since N-fixation is an energetically expensive proc-

ess, N-fixing plant species should have a competitive ad-

vantage only where N is the factor most limiting growth

(Reich et al. 2001). In treatments in a prairie in Minnesota,

N addition led to declines in the C� grass Sorghastrum nu-

tans and the legume Lathyrus, and an increase in the

shrubs Rhus and Rubus (Tilman 1996).

Our fourth hypothesis was that percentage cover by

C� grasses and sedges (i.e., C� graminoids) will increase

in N-supplemented treatments (H4). In experiments using

contrived soil N gradients, C� grasses responded better

than C� grasses to N enhancement, in most cases eventu-

ally outcompeting C� grasses (Christie and Detling 1982,

Tilman 1987, Wedin and Tilman 1992, Inouye and Til-

man 1995). Because, in general, C� grasses display higher

N use efficiencies than do C� grasses, C� grasses should

be at a competitive advantage under enhanced N condi-

tions (Wedin and Tilman 1996, Reich et al. 2001).

Finally, we predicted that annual, biennial, and other

early successional (opportunistic) species will increase in

cover in N-enhanced plots (H5). Nitrogen addition can

have significant conservation impacts if it favors intro-

duced species relative to natives. Burke and Grime (1996)

found that introduced species, which represented 0 to

25% cover in control plots, increased to the point where

they comprised as much as 40% of the vegetation in ex-

perimental grassland plots supplemented with N. We ex-

pected that these species, as a group, would be better able

to make use of the additional available N than most per-

ennial, slower-growing species (Tilman 1987).

Methods

Study sites

Because the effects of N-enhancement are likely to

differ between high fertility and low fertility soils

(Huberty at al. 1998), we used two sites that occupied

very different soils: a deep, loamy tallgrass soil and a soil

of nearly pure fine sand. The study took place over five
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years within two native (i.e., never-plowed) prairies:

Broadie Prairie Reserve, in Cowley County 6.4 km north

of Winfield, Kansas, and Sand Prairie Natural History

Reservation, located 25.8 km west of North Newton in

Harvey County, Kansas. Broadie Prairie (S.34 T31S R4E

Sedan Quadrangle, 37° 19’ N, 96° 59’ W) is located in the

southwestern edge of the Flint Hills region. Mean annual

precipitation is 83.4 cm. It is managed as a hay meadow,

with every portion burned once every five years, and

mowed for hay in July for four out of five years. The study

site is typical unglaciated tallgrass prairie (Andropogon

gerardii—Sorghastrum nutans Unglaciated Herbaceous

Vegetation (TNC Code 2204); Anderson et al. 1998),

dominated by big and little bluestem, Indiangrass (Sor-

ghastrum nutans), and switchgrass. The soil of the site is

a Smolan silty clay loam (Fine, montmorillonitic, mesic

Pachic Argiustolls). Once the field site was established,

mowing within it ceased, although the site was burned

once, in April 2001. Sand Prairie (S.36 T22S R3W

Hutchinson Quadrangle, 38° 06’ N, 97° 36’ W), a 32.4 ha

(80 acre) tract, is located 105 km NNW of Broadie Prairie.

It was grazed by cattle for about 70 years until 1965 when

it was set aside as a natural area. Portions of the tract have

been burned 7 times between 1965 and 2003, although

there is no record of the particular study site having ever

been burned (D. Platt, personal communication). The

vegetation of Sand Prairie (Andropogon hallii—Ca-

lamovilfa Herbaceous Vegetation (TNC Code 1467), An-

derson et al. 1998), is dominated by several bluestem spe-

cies (Andropogon gerardii, A. scoparius, and A. hallii),

prairie sandreed (Calamovilfa longifolia), and switch-

grass (Panicum virgatum). Shrubs (e.g., Cephalanthus

occidentalis) and tree species (e.g., Salix nigra, Populus

deltoides) are restricted to ephemeral wetlands. The vege-

tation at the study site was dominated by A. scoparius,

Eragrotis trichodes, P. virgatum, a large number of an-

nual and perennial forb species, and the woody species

Prunus angustifolia. A complete species list is contained

within Platt (1974). The soil type at the field site is Tivoli

fine sand (Mixed, thermic, Typic Ustipsamments). Mean

annual precipitation is 77.5 cm.

In initial vegetation surveys of the two sites, Broadie

Prairie (hereafter: tallgrass prairie site) generally had

greater total cover (p < 0.001; d.f.=98, t-test), species rich-

ness (p = 0.001; d.f.=98), and percentage cover by leg-

umes (p = 0.006; d.f.=98) than the sand prairie site. In con-

trast, sand prairie plots displayed higher species evenness

(p < 0.001; d.f.=98) and percentage cover by annuals and

biennials (p < 0.001; d.f.=98). Initially, percentage cover

by C� graminoids was similar at both sites (p = 0.842;

d.f.=98). Typical peak aboveground biomass of the tall-

grass site is three to four times greater than that of the sand

prairie site (unpublished data).

Experimental plots

In late March 2000, we staked out 50 permanent indi-

vidual plots at each site. Individual plots measured 0.75

m × 0.75 m (0.56 m
�
), with 1 m between plots to avoid

interference between adjacent plots and a 1 m border

around the study area. Hence, overall dimensions of each

experimental area were 9.75 m × 18.5 m (~180 m
�
). Be-

ginning in March 2000, and annually thereafter in spring

for five years, we applied five nitrogen-level treatments:

0, 5, 10, 20, and 40 g N/m
�
, with ten replicates per treat-

ment at each site. The nitrogen source was 46% N as dry

urea [CO(NH�)�] applied evenly across the soil surface of

each plot. Treatments were applied randomly using a ran-

domized complete block experimental design.

In late July of each year, we measured the percentage

composition of the resulting plant communities in each

plot non-destructively by using standard cover-class

analysis (Daubenmire 1959). Treatment and year effects

on community variables (i.e., species richness and even-

ness, and percentage cover by C� graminoids, N-fixing

species, and annual and biennials species) were deter-

mined using a two-way repeated measures analysis of

variance (SPSS, Inc. 2002). Means in the text are reported

with + one standard deviation.

Results

Over the five years, we encountered in the tallgrass

prairie plots 41 plant species representing 15 families, of

which four were annual/biennials and one was woody

(unpublished data). Overall species richness at the sand

prairie site was similar, but with 39 species sampled from

19 families. Here, we sampled 17 annual/biennial species

and one woody shrub. At both sites, every variable meas-

ured showed significant year effects, but treatments ef-

fects occurred at the sand prairie only. There were no

treatment-by-year interactions.

First, we predicted that species richness per plot

would decline with N-enhancement, and that richness

would decline faster with increasing N addition. Species

richness varied among years at the tallgrass prairie site,

but there was no treatment effect at this site (Fig. 1A). At

the sand prairie site, however, species richness differed

both among years and treatments (Fig. 1B), with richness

generally declining in higher N treatments. Overall, spe-

cies richness was higher in the 0 and 5 g N treatments than

in the 40 g N treatment at the sand prairie site. In the fifth

year, 2004, mean richness of the 40 g N treatment was
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29% lower than in the control. Species appeared to disap-

pear non randomly from N addition plots. Species whose

frequency declined directly with increasing N-enhance-

ment included Ambrosia psilostachya, Commelina

erecta, and Paspalum setaceum (p < 0.05, Spearman’s

rank correlation). Species that notably were less frequent

in the high N treatment included Commelina erecta,

Dalea villosa, Lithospermum carolinense, Lotus pur-

shiana, and Oenothera rhombipetala, of which D. villosa

and L. purshiana are N-fixing legumes.

Figure 1. ��	� ������� �������� � ��	���� �
��� ��������� ��� � 	��
��	���� ���	������ �� ��� ��	�� 	� �	

��	�� �A� 	��

�	�� �B� ��	���� ������ ���	������ ���� ��� �	�� 
����� �� ��� ���� 	� � !�!� �"�#$"% ��&��'� ������

Figure 2. ��	� ������� �������� � ��	���� �
��� ��������� ��� � 	��
��	���� ���	������ �� ��� ��	�� 	� �	

��	�� �A� 	��

�	�� �B� ��	���� ������
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We also predicted that species evenness would de-

cline in N-enhanced plots if N enhancement was associ-

ated with increased dominance. Species evenness differed

among years at both sites (Fig. 2), but there were no treat-

ment effects.

Third, we expected to observe a decline in the percent-

age cover by N-fixing species under N addition. Whereas

percentage cover by N-fixing species varied among years

at the tallgrass site (Fig. 3A), there were no treatment ef-

fects. In contrast, at the sand prairie site 40 g N addition

reduced the cover by N-fixing species relative to the con-

Figure 4. ��	� �������	�� ����� )� *� ��	������� ������ ��	���� �
��� ��������� ��� � 	��
��	���� ���	������ �� ��� ��	��

	� �	

��	�� �A� 	�� �	�� �B� ��	���� ������

Figure 3. ��	� �������	�� ����� )� 
������ ������ ��	���� �
��� ��������� ��� � 	��
��	���� ���	������ �� ��� ��	�� 	�

�	

��	�� �A� 	�� �	�� �B� ��	���� ������ ���	������ ���� ��� �	�� 
����� �� ��� ���� 	� � !�!� �"�#$"% ��&��'� ������
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trol (Fig. 3B). In 2004, for example, mean cover of leg-

umes was 6.0 + 7.0 % for the control plots but 1.2 + 1.3

% for the 40 g N treatment.

We also expected to observe increases in percentage

cover by C� grasses and sedges in the N-supplemented

treatments. Whereas percentage cover by C� grasses and

sedges varied among years at both sites, there were no

treatment effects (Fig. 4).

Finally, we predicted that annual, biennial, and other

monocarpic species (short-lived perennials) would in-

crease in both frequency and cover in N-enhanced plots.

The annual/biennial component at the tallgrass site was

very small (mean cover across years and treatments = 0.34

+ 0.59 %, N=50) and did not vary among years or treat-

ments (Fig. 5A). Annual and biennial species were a

much greater component of the vegetation at the sand

prairie site, however, and these displayed some treatment

differences, although there was considerable year-to-year

variation (Fig. 5B). It is possible that this class of plants

responds best to an intermediate level of N addition.

Discussion

Studies that simulate effects of global change on na-

tive plant communities can generate information particu-

larly relevant to biodiversity conservation on intact, origi-

nal ecosystems located within parks and reserves. More-

over, studies in which experimental manipulations, such

as N additions, are maintained for many years can provide

valuable insights into the likely long-term responses of

natural ecosystems to global anthropogenic change

(Inouye and Tilman 1995). The use of excessively high N

addition treatments may accelerate community response

to such perturbation, enabling scientists to forecast possi-

ble future ecosystem changes.

We also predicted that manipulated treatments would

display overall reductions in species richness, increased

dominance manifested as reduced evenness, and several

shifts in composition. We expected that plots receiving N

additions would become weedier, and less characterized

by N-fixing legumes and perennial C� grasses relative to

control plots. Furthermore, we might have expected com-

munity effects to differ between ecosystems of such dif-

ferent mean NPP.

Effects of site productivity

Di Tommaso and Aarssen (1989) noted that low soil

fertility communities were less responsive to increased

nutrients than were communities of intermediate to high

soil fertility. In contrast, Gough et al. (2000), in a survey

Figure 5. ��	� �������	�� ����� )� 	���	
 	�� )�����	
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��� ��������� ��� � 	��
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��	�� �A� 	�� �	�� �B� ��	���� ������ ���	������ ���� ��� �	�� 
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of several sites differing in mean NPP, showed that com-

munities across a productivity spectrum increased NPP in

response to added nutrients, with the response inde-

pendent of the initial productivity of the site. Moreover,

their review noted that declines in species richness were

nearly universal across communities differing in NPP.

Because our study involved non-destructive vegetation

monitoring, however, direct measures of productivity en-

hancements under N addition were not made. Neverthe-

less, our results indicate possible conservation concerns

for the future particularly for sandy soil grasslands. The

lack of a fertilizer response at the tallgrass site suggests

that this type of community is able, at least initially, to

absorb increases in available N without appreciable

changes in competitive relationships among plant species.

Possible mechanisms include “luxury consumption” of

excess N by plants or consumption of added N by soil mi-

crobes. In future studies, N analysis of soil and plant tis-

sue would indicate whether this excess nutrient is stored

in soil or plants or whether it is simply being lost from the

ecosystem prior to uptake.

Long-term responses

Because dramatic changes in perennial plant commu-

nities are most likely to occur only after many growing

seasons (Inouye and Tilman 1995), manipulations of the

type employed here may need to continue for many years

to detect long-term changes in the species composition of

the prairies resulting from our experimental treatments

and to separate treatment effects from considerable year-

to-year variability due to differences in precipitation and

other growing season phenomena. In particular, the sand

prairie community seems to be characterized by two-year

cyclical peaks in coverage by annuals and biennials.

Moreover, there is some indication that the percentage

cover by the woody Prunus angustifolia is increasing at

this site (data not shown), a phenomenon that may be-

come more obvious with time. Monitoring these sites is

necessary to discover whether apparent trends and cycles

observable over our relatively brief five-year study will

continue or will stabilize after some period of time. In ad-

dition, the possibility exists that five years is too short a

time for changes in species composition under N addition

to manifest themselves at the tallgrass prairie site. On the

other hand, Tilman (1993) found that a decline in species

richness in N fertilized old fields stabilized after four

years.

Non-random loss of species

Declines in species richness under anthropogenic

change are of particular concern if species loss is non-ran-

dom. Gough et al. (2000) reported that the same species

consistently were excluded from fertilized plots within a

community, suggesting that exclusion is not random and

that species identity is important in determining response

to fertilization. Hence, a key predictor in the response of

a plant community to N addition is its initial species com-

position. Those species that can respond most quickly to

increased N availability will likely come to dominate the

area and perhaps exclude other species under prolonged

N enhancement (Tilman 1993). From a conservation per-

spective, a major concern arises if N addition shifts com-

petitive outcomes leading to the consistent loss of species

that are rare, endangered, or play key roles in the commu-

nity (e.g., as a food plant for a rare insect species). Losses

of biodiversity can also have negative effects on the sta-

bility and normal functioning of ecosystems. For exam-

ple, relative to species-depauperate plots, species-rich

grasslands appear better able to withstand major distur-

bances like drought (Tilman and Downing 1994), are

overall less variable year-to-year (Tilman 1996), are more

efficient in conserving nutrients (Tilman et al. 1996), re-

sist invasion, and support more biodiverse food webs

(Knops et al. 1999). In some parts of the Great Plains, no-

tably within prairie-woodland ecotones, vegetation shifts

resulting from increased N concentration in precipitation

could lead to replacement of entire grassland ecosystems

by forest (Wedin and Tilman 1992).

Nitrogen loading is a major threat to grassland ecosys-

tems, causing loss of diversity, increasing abundance of

non-native species, disruption of ecosystem functioning.

It is of special concern for prairie preserves located down-

wind of such local sources of N pollution as highways,

urban settlement, fertilized fields, and large feedlots.

Long-term consequences for such preserves range from

losses of individual species, to changes in ecosystem

function that depart from historical norms, to loss of entire

ecosystem types as one vegetation community is replaced

a group of species more responsive to an enhanced N en-

vironment. The results of ours and related studies may

eventually be used to predict long-term implications of N

pollution for maintaining two types of native grassland

ecosystems in Kansas. Unfortunately, solutions to the

problem of N enhanced precipitation may not be achiev-

able locally, but these solutions often lie within the re-

gional or even global realm.
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