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Abstract We determined the relationship between plant
height and whole-plant relative growth rate (g g I day-1)
for ten genotypes of Sporobolus kentrophyllus collected
from an intensively grazed site on the Serengeti Plains,
Tanzania. Plants were grown for 7 weeks in a greenhouse
in Syracuse, N.Y., and harvested weekly. Plants that
received simulated bovine urine showed a negative rela-
tionship between plant height and growth rate, suggest-
ing a genetic tradeoff between competitive ability if
ungrazed (height) and ability to recover from grazing
(growth rate). There was no height-growth rate relation-
ship under nitrogen addition rates similar to field miner-
alization rates. In addition, faster-growing, shorter plants
tended to have relatively higher above-ground growth
rates than slower-growing, taller plants. These results
suggest that natural selection has maintained a gradient
of morphologies within this species ranging from short,
rapidly growing genotypes adapted to intense grazing
conditions to tall, slow-growing, grazer-susceptible ge-
notypes that are superior light competitors in absence of
herbivory.
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Introduction

The ability of grasses to compensate for tissue removal,
and thereby support large grazers, is intimately related to
relative growth rate (RGR, in g g! day!) (Oesterheld
and McNaughton 1988). Tradeoffs in plant morphology
and physiological responses related to grazing have been
found between plant height, tillering, leaf area per unit
weight, assimilation rate, blade elongation, and other
traits which affect RGR (Mooney 1972; Oesterheld and
McNaughton 1988; Noy-Meir et al. 1989; Chapin 1991;
Oesterheld and McNaughton 1991; Matches 1992). In
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grasslands tall plants are generally favored in competi-
tion under low grazing intensities and often do not invest
as heavily in leaf blade tissue, an investment that is cru-
cial in allowing plants to attain an RGR necessary to as-
sure rapid recovery from defoliation (McNaughton 1979;
Oesterheld and McNaughton 1991). In addition, rapid
growth in height places tissues in the spatial zone acces-
sible to ungulates, making them more likely to be grazed
(Arnold 1955; Koford 1958; McKinney and Fowler
1991: Painter et al. 1993). Thus, grazing tends to select
for prostrate, low-growing ecotypes compared with the
taller plants found in ungrazed or infrequently mowed
habitats (Arnold 1955; Koford 1958; Bradshaw 1959;
Hickey 1961; Westoby 1989; McKinney and Fowler
1991: Painter et al. 1993), and such selection has been
demonstrated for Serengeti grasses (McNaughton 1979,
1984; Oesterheld and McNaughton 1991). Yet, we still
do not know how prostrate stature of grazing adapted
genotypes is related to RGR, a trait intimately related
to grazing tolerance (Branson 1953; Ellison 1960;
McKinney and Fowler 1991; Painter et al. 1993). In this
paper we examine the relationship between grass height
and RGR for ten genotypes of Sporobolus kentrophyllus,
a dominant grass from an intensively grazed site in the
Serengeti National Park, Tanzania (McNaughton 1983).

Materials and methods

Plants of ten genotypes of S. kentrophylius were collected from the
Serengeti National Park. Two genotypes were collected in 1977
and the remaining ecight in 1991. Plants were selected non-ran-
domly in a 20x20 arca with the aim of collecting plants of differ-
ent morphologies that would represent separate genotypes during
both collections. These plants were propagated vegetatively in a
greenhouse in Syracuse, N.Y. From each genotype we grew 16
plants in the greenhouse. Half the plants were treated with a syn-
thetic bovine urine (Day and Detling 1990) at a rate of 40 g N m~?
to simulate the effect of receiving a high nitrogen pulse early in
the growing season. All plants were grown in 15 em pots filled
with calcined clay, watered to field capacity daily, and received
Hoagland’s complete nutrient solution weekly (0.58 g N m-2
week-! for a total of 4.1 g N m-2 over the length of the experi-
ment). Plants were clipped to a height of 5 cm at weeks 0, 2, 4,
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and 6. One plant from each treatment was harvested weekly for 7
weeks, for a total of eight plants per treatment. Plants were dried
to a constant biomass at 60°C for 48 h. Clipped tissue was dried
and treated as above-ground biomass. Plant height. determined as
the tallest [ree-standing leal above the clay substrate, was mea-
sured at 4 weeks, 2 weeks after clipping.

Whole-plant RGR was determined by sequentially testing cu-
bic, quadratic, and linear functions for the relationship between In
(biomass) versus number of days of the experiment (0-50 days al
weekly intervals) (SAS 1990), For 18 of the 20 trials (ten geno-
types each with and without urine) we found a very tight, signifi-
cant linear relationship (r2 > 0.96, P < 0.001), suggesting that
RGR was constant for the duration of this experiment, and, there-
fore, was independent of plant size. The remaining two genotypes
fit quadratic and cubic functions and occurred in the no-urine
treatment. For these we determined instantaneous RGRs by differ-
entiating and solving for time when plant height was measured
(week 4). Though comparing plant RGR at a common time can be
problematic when RGR is related to plant size (Coleman et al.
1994), this was not problematic in our case because: (1) RGR was
independent of plant size for 18 of 20 cases and (2) our interpreta-
tion of the relationship between plant height and RGR was
unchanged when we used a linear function for the two genotypes
fitting quadratic and cubic functions (e.g., the 2 value, for the
genotype fitting a cubic function, decreased from 0.996 to 0.974
when fitted with a line, and this relationship remained significant
at P < 0.0001). In addition, above- and below-ground RGRs were
calculated using linear regression (r? ranged between 0.89 and
0.999, P < 0.01).

The difference between RGRs of genotypes for urine and non-
urine treatments was tested using a (-test. Multiple comparisons of
mean plant height among genotypes was performed using least-
significant differences (¢t = 0.05).

Results

Plant height was inversely related to mean whole-plant
RGR during the 7-week experiment when treated with
synthetic urine (#2 = 0.77; P < 0.001; Fig. 1) but there
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Fig. 1 Height from ten Sporobolus kentrophyllus genotypes at
week 4 plotted against mean whole-plant relative growth rate
(RGR) for each genotype determined over the 7-week experiment.
Relative growth rates were determined using least-squares regres-
sion of In(total biomass) against day (g g! day !). Error bars for
plant height are =1 SD. The outlier in the no-urine treatment is the
genotype with a significant cubic relationship between In(total
biomass) and day, with RGR determined at the time plant height
was measured (week 4). If fitted with a linear function the point
joins the cloud of other genotypes (7= 0.25, P =0.14)

was no relationship when plants were not treated with
urine (#2 = 0.045; P > 0.50; Fig. 1). In addition, seven of
the ten genotypes showed a significant increase in height
in response to urine addition, one showed a decrease in
height, and two genotypes were not affected, resulting in
a significant urinexgenotype interaction (P < 0.0001; Ta-
ble 1). RGRs were significantly higher for urine treat-
ments (P < 0.0001; mean = 1 SE: 0.028 = 0.00077 for
non-urine treatment, 0.051 + 0.00303 for urine treat-
ment). Most genotypes, therefore, respond to urine appli-
cation, a condition that generally indicates grazer pres-
ence, by modifying plant height and growth rate.

In addition, we found that urine-treated plants had a
positive slope for above- versus below-ground RGR
(m = 1.154; r2 = 0.95; P < 0.0001), though not signifi-
cantly greater than 1.0 (P = 0.149; Fig. 2). We found no
relationship between above- and below-ground RGR
without urine (#2 = 0.01; P > 0.80; Fig. 2). The finding
that above-ground RGR was consistently higher than
below-ground RGR (points above the equal above-
ground:below-ground RGR line in Fig. 2) is consistent
with the general trend in herbaceous plants, resulting in
decreasing root:shoot ratios during growth (Wilson
1988a). These data, therefore, indicate that when treated

Table 1 Analysis of variance table for effect of urine and geno-
type on plant height. The urinexgenotype interaction suggests
within-species plasticity in plant height in response to urine appli-
cation. Seven genotypes increased height, one genotype decreased
height, and two remained unchanged in response to urine applica-
ton

Source df MS F P
Urine 1 483.4 78.0 <0.0001
Genotype 9 530.8 85.7 <0.0001
Urine * genotype 9 64.7 1045  <0.0001
Urine No Urine
= r?=0.01
o i P >0.80
@ 0.05 4
I
'g 0.04 4 - -
2 . .
= 0.03 4 .
(D -
T - F o -
2 0.02 4 L [ ] ’ L
o - -
0 - "
< 001 4 5 T
0.00 - I 1 1 I I 1
000 001 002 003 000 001 002 003 004

Below-Ground Relative Growth Rate (g g day ')

Fig. 2 Relationship between above- and below-ground relative
arowth rate (RGR) (g g! day!) for the ten Sporobolus kentro-
phyllus genotypes (m = 1.154; 2 = 0.95; P < 0.001). Dashed lines
represent equal above-ground:below-ground RGR (m = 1.0).
Clones treated with urine show a slight but insignificant relative in-
crease in above-ground to below-ground growth rate, compared to
the line of equal above-ground:below-ground RGR (P = 0.149)



with urine, faster-growing plants have both relatively
higher above-ground growth rates and are shorter in
height.

Discussion

The relationship between plant height and growth rate
determines a plant’s ability to compete for light and tol-
erate herbivory. We have found for S. kentrophyllus, a
dominant grass of the Serengeti Plains, that plant height
and RGR were inversely related when plants received
simulated bovine urine but were unrelated without urine
addition. In addition, when treated with urine faster-
growing, shorter plants tended to increase above-ground
RGR relative to below-ground RGR. Previous attempts
to link growth rate and morphology to competitive abili-
ty have been promising (Grime 1977; Gaudet and Keddy
1988; Lambers and Poorter 1992). Our results suggest
that genetic variability and plasticity in growth rate and
morphology allow this species to cope with the presence
of grazing ungulates.

Competitive hierarchies between plants are not gener-
ally explained by RGR (Berendse and Elberse 1990:
Lambers and Poorter 1992). Our results show that with
urine addition plant height, an important morphological
determinant of competitive ability (e.g., Wilson 1988b),
is negatively related to RGR, suggesting that growth rate,
in the absence of herbivory, is negatively related to com-
petitive ability. This also suggests that the frequently ob-
served positive relationship between plant size and re-
productive output, particularly in vegetatively reproduc-

ing species, may need to be re-examined. The effect of

herbivores on plant height variability has only recently
been tested and found to increase variability, a response
that may be important in other species as well (Weiner
1993). The observed height and RGR variability among
genotypes of S. kentrophyllus in response to urine appli-
cation, therefore, may be coupled to morphological re-
sponses to ungulate herbivory.

In the Serengeti Plains nutrient availability has been
shown to be important in determining grazing animal
movement patterns (McNaughton 1990). Simulated urine
addition significantly increased growth rate and biomass
accumulation in S. kentrophyllus, and has also been
shown to be important for plants in a temperate grass-
land (Day and Detling 1990). The co-occurring geno-
types from this study vary in their relationship between
height and growth rate, suggesting that natural selection
operates to maintain both plants that grow taller, a strate-
gy likely to be competitively advantageous in the ab-
sence of herbivores, and plants which are shorter but
grow faster in the presence of grazers.

Our results suggest a species-level tradeoff between
plant height and growth rate when treated with urine, a
factor that occurs when grazers are locally active. In ab-
sence of urine application, a condition that may signal
plants of grazer absence, no tradeoff occurred between
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plant height and growth rate. Spatial and temporal fluc-
tuations in herbivore populations and the related grazing
intensity may differentially confer an adaptive advan-
tage to either tall or short genotypes. The coupling of
plant height with growth rate may help to explain the
coexistence of disparate growth strategies between ge-
notypes within a species so that, in an evolutionary
sense, species may hedge their bets between times
which vary in the intensity of grazing pressure and urine
deposition.
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