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Grazers may bring about vegetation change in pastures through effects on the creation
and colonization of gaps. The natural colonization of three sizes of artificial gap in a
species-poor, fertile pasture was monitored in an experiment in which two seasons of
sheep grazing were applied, each at two levels: spring (grazed or ungrazed) and
summer (hard or light grazed). The experiment had a 2 x 2 factorial design with two
blocks in eight paddocks. Gap filling was slow; after 50 weeks the ramet density of the
smallest gaps was 71% of that of the surrounding sward. Seedling establishment wis
the dominant mode of colonization, accounting for 59% of colonizing ramets. The
remaining colonists were from clonal ingrowth. Smaller gaps filled fastest, having
higher clonal ramet densities than the larger gaps.

Gap size had complex effects on seedling colonization. Over the whole gap area there
was a non-significant trend for increased densities of seed-derived plants in smaller
gaps, but in just the central area of the gap, increased gap size increased the density and
size of seed-derived plants. There were no spring grazing or grazing treatment X gap
size interactions. Harder summer grazing did not affect gap filling rates but it decreased
seedling densities and increased clonal ramet densities, possibly by reducing flowering.
Species differed in gap colonization ability, measured by the change in a species’
frequency between the surrounding sward and the colonized gap. Species also differed
significantly in the ratio of seed-derived to clonal colonizing ramets, ranging from
almost complete clonal colonizers to almost complete seedling colonizers. Species with
a higher proportion of colonizing ramets derived from seed had higher colonization
abilities than more clonal species. Increased gap size increased the frequencies of some
species and decreased those of others. Both spring and summer grazing treatments
affected the frequencies in the gaps of some species. There were no interaction effects
of gap size and grazing treatment on gap species composition. Treatment effects on
species with high proportions of seed-derived ramets were due only to effects on the
frequencies of seed derived ramets and treatment effects on more clonal species were
due to effects on the frequencies of clonal ramets.

These results show that grazing may bring about vegetation change by its effects on the
rate of gap creation because colonized gaps have different species frequencies to the
closed sward. However, these gap effects are complex; the frequencies of some
common species were decreased in gaps but those of other common species were
increased, and most rarer species were decreased in gaps. Gap size and grazing
treatment effects show that the effects of gap creation on vegetation change will be
dependent on the sizes of gaps created.
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Univ., Walton Hall, Milton Keynes, U.K. MK7 6AA (present address of JMB: Inst. of
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Vegetation with a closed canopy tends to be resistant to
colonization by new plants. It is widely appreciated that
for this reason the formation and colonization of canopy
gaps holds the key to understanding forest dynamics (e.g.
Brokaw 1985, Denslow 1987). This point is equally val-
id, though less widely appreciated, for grasslands (Silver-
town and Smith 1988a). By contrast with forest vegeta-
tion where most gap colonists are of seed origin, colonists
of canopy gaps in perennial grasslands can be of seed or
clonal origin. To date, most studies of grassland gaps
have concentrated on the colonization of relatively large
gaps (>100 mm diameter) by seedlings. In North Amer-
ican prairies, oldfields and other grasslands such gaps are
created by fossorial mammals (Platt 1975, Platt and
Weiss 1977, Rapp and Rabinowitz 1985, Goldberg 1987,
Goldberg and Gross 1988, Peart 1989, Hobbs and Moo-
ney 1991). Seedling colonization of gaps has also been
studied in infertile, calcareous European grasslands (Sil-
vertown 1981, Silvertown and Wilkin 1983, Rusch 1988,
Hillier 1990, Ryser 1993). Except in the extreme climatic
conditions of the alpine zone (Ryser 1993), these studies
report that gaps favoured seedling recruitment.

Plant species often occur with different relative fre-
quencies in recently colonized gaps than in the surround-
ing vegetation (Davis and Cantlon 1969, Platt and Weiss
1977, Rusch 1988, Hillier 1990, Martinsen et al. 1990;
but see Rapp and Rabinowitz 1985). This is evidence that
gap colonization is potentially an important source of
vegetation change in grasslands and that changes in the
rate of gap creation, for example caused by excluding
fossorial mammals (Hobbs and Mooney 1991), can cause
changes in grassland community composition. Since
many of the species of perennial grasslands are capable of
clonal growth as well as sexual reproduction, the relative
abilities of different species to colonize gaps by these two
modes may be one of the most important variables affect-
ing how the creation of gaps influences species composi-
tion. For example, one might expect clonal growth to be a
more effective mode of colonization of small gaps, while
seed colonization should be more effective in large ones.
Because most studies address only one of these modes of
colonization our ability to predict how the creation of
gaps will influence grassland composition is still limited.
Since vertebrate grazing is the main cause of small ca-
nopy gaps in mesic perennial grasslands, the potential
interaction between grazing intensity and colonization
mode must also be addressed.

Previous work at our field site, which is located in
fertile, lowland grassland in southern England, has shown
that alterations to both the season and intensity of sheep
grazing has brought about changes in plant species com-
position (Bullock et al. 1994a) and that heavier grazing
increases the frequency of canopy gaps (Silvertown and
Smith 1988b). In this study we compare how perennial
grassland species colonize small, experimentally created
gaps by seed and by clonal growth and how this is
affected by gap size and by experimentally controlled
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grazing by sheep. The combination of these effects is
used to predict compositional change.

Methods
Site description and grazing treatments

Our experiments were carried out inside a long-term
sheep grazing experiment which was set up at Little
Wittenham Nature Reserve in Oxfordshire, England (Lat
15°37'N, Long 1°10'W) in 1986 (Treweek 1990). Arable
cultivation of the site last occurred in the 1940s and
subsequently the site was seeded with an agricultural
grass mix and managed with sheep grazing and fertilizer
application. All application of agrochemicals ceased in
1984. The sward is species poor and dominated by the
grasses Lolium perenne and Agrostis stolonifera (Bullock
et al. 1994a), most closely resembling an MG7 commu-
nity in the British National Vegetation Classification
(Rodwell 1992).

Sheep grazing treatments were applied individually to
50 m x 50 m enclosures (paddocks) in two seasons:
‘spring’ (21 March-21 May) and ‘summer’ (21 May-1
November). Within each season there were two levels of
grazing. In spring, paddocks were either ungrazed or
grazed by two Suffolk x Mule ewes per paddock and in
summer the sward height was maintained at either 3 cm
or 9 cm height by weekly measurement of the sward
height followed by adjustment of the stocking rate. The
grazing experiment was fully factorial with a 2 x 2
structure and two randomized blocks. All paddocks were
grazed during winter (1 November-21 March) by two
ewes per paddock.

Colonization of experimental gaps

Gaps were created in three sizes using circular cutters of
either 3 cm, 6 cm or 9 cm diameter. Gaps of these sizes
are found naturally at Little Wittenham (Silvertown and
Smith 1988b). Within each gap all plants were removed
and shoot bases and rhizomes were dug out. This pre-
vented regeneration of plants from fragments and was
intended to replicate the situation where grazing has
killed all the plants in the gap area. Gap creation was
carried out with the minimum soil removal or disturbance
possible. There were no observable differences among
the paddocks in the characteristics (e.g. soil surface or the
sharpness of the gap boundary) of these created gaps.
Eight gaps of each size were randomly allocated at evenly
spaced intervals along three transects placed 10 m apart
in each of the eight paddocks. To reduce edge effects a
10-m strip around the perimeter of each paddock was
avoided. At the beginning of the experiment all ramets in
a 2-cm wide annulus bordering each gap were identified
and counted. Here and subsequently ‘ramet’ refers to the
rooted tiller of a grass or the rooted shoot of a dicot,
regardless of its clonal or seed origin.
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Fig. 1. Gap size effects on colonization. The mean density of
ramets in each gap size at each census pooled over the grazing
treatments. The standard errors of the differences of the means
are shown. The significances of the differences between the
sizes, as determined by split-plot ANOVA, are shown for each
census. *=p<0.05, **=p<0.01, ***=p<0.001.

Experimental gaps were created inside the grazing ex-
periment at the end of May 1991. This date was chosen
because it fell a few weeks after the end of the winter
grazing period and therefore coincided with the time of
maximum natural gap density. The mean monthly precip-
itation and temperatures over the period June 1991 — May
1992 were similar to the long term averages from a
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weather station 12 km from Little Wittenham (monthly
averages June 1991 — May 1992: precipitation = 48.7
mm; daily minimum temperature = 6.1°C; daily maxi-
mum temperature = 15.2°C. These are 97%, 105% and
110% of the averages for 1951-1992). Each gap was
censused two weeks after creation and every two weeks
subsequently until early December and then in early Feb-
ruary 1992, early April and early May. The final censuses
took place SO weeks after the gaps were created. At each
census the original gap boundary was delineated using a
circular wire quadrat of appropriate diameter which was
placed over the gap using a fixed marker to position it
precisely. All ramets that rooted in gaps were identified
and their mode of invasion (from seed or by clonal
growth) was noted. Seedlings were easily distinguished
from clonal ramets; in many cases the seed was visible as
was the connection of the clonal ramet to the parent or
stolon. In order to compare equal areas in gaps of differ-
ent diameter the quadrats used for the two larger gap sizes
(6 cm and 9 cm diameter) were divided into two zones: a
3-cm diameter core and an annulus (1.5 cm or 3 cm wide)
around the core. Ramets occurring in the different zones
were recorded separately. Seedlings of the grasses Poa
annua, P. trivialis and P. pratense could not be dis-
tinguished and were therefore lumped as Poa spp. (no-
menclature follows Clapham et al. 1987). When it first
appeared the base of a seedling was marked with acrylic
poster paint so that it could be identified as a seed-derived
plant at later censuses. The paint did not damage the
seedling. Seed-derived ramets were further divided into
the primary ramet of a seedling and the secondary ramets
produced by these primary ramets.

Analysis

Analysis was performed on selected censuses, chosen to
represent intervals approximately a calendar month apart,
with a hiatus caused by bad weather in January 1992 and
in March 1992.

Grazing, colonization mode and gap size

At each chosen census three variables were calculated for
each gap size, averaged across the eight gaps of the same
size in each paddock: 1. total ramet density per gap, 2.
density of seed-derived ramets per gap, 3. density of
clonally derived ramets per gap. In addition, these three
variables were calculated for just the 3-cm diameter core
of 6-cm and 9-cm diameter gaps. Main and interaction
effects of grazing treatment and gap size on these varia-
bles were determined separately for each census by split-
plot ANOVA with blocks and grazing treatments on the
upper stratum and gap size on the lower stratum. When
significant gap size effects were found means of the three
sizes were compared using the standard errors of the
differences of the means. For the final census alone gap
size and grazing treatment effects on the densities of
primary and secondary seed-derived ramets, and the pro-.
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Fig. 2. Gap size effects on colonization of the core zones. The
mean density of ramets in the inner zone of each gap size at each
census pooled over the grazing treatments. The standard errors
of the differences of the means are shown. The significances of
the differences between the sizes, as determined by split-plot
ANOVA, are shown for each census. *=p<0.05, **=p<0.01,
*** =p<0.001.

portion of seed-derived ramets that were secondary were
determined by split-plot ANOVA.

Differences among species

Twelve taxa were analysed: the ten commonest species
(all grasses), a category of ‘other grasses’ containing the
less common species and a category containing all the
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dicot species as a group. All the taxa are referred to as
‘species’ for convenience. For each species in each gap
size x paddock combination we calculated: 1. Total fre-
quency — total ramets belonging to the species as a pro-
portion of all ramets, 2. Seed-derived frequency — seed-
derived ramets belonging to the species as a proportion of
all seed-derived ramets, 3. Clonal frequency — clonally
derived ramets belonging to the species as a proportion of
all clonally derived ramets, 4. Border frequency — the
proportion of all ramets recorded in the border that be-
longed to the species. Main effects of gap size, grazing
treatment and their interaction on frequencies 1-4 were
calculated by ANOVA on arcsine transformed values
using a split-plot design with gap size on the lower
stratum.

Results
Grazing, colonization mode and gap size

The densities of seed-derived, clonal and total ramets
generally increased over time in gaps of all three sizes
(whole gap areas; Fig. 1). After August ramet densities
were almost always higher in the 3-cm gaps than larger
ones, mainly because densities of clonal colonists were
significantly higher in smaller gaps (Fig. 1c), with few
significant effects on seed-derived ramets (Fig. 1b). Ra-
met densities were only rarely significantly higher in the
6-cm gaps than in the 9-cm ones. The final ratio of
seed-derived to all ramets had an overall mean value of
0.59 and was unaffected by gap size (split-plot ANOVA
of arcsine transformed data; results not shown). The final
densities in the 3-cm gaps (mean = 17672 ramets m™2)
were still significantly less than the ramet densities in the
2-cm gap borders determined at the start of the experi-
ment (mean = 24766 ramets m~2) (paired t-test using each
gap as a sample; t=3.92, p<0.001, d.f.=63).

Ramet densities in the core zones revealed a more
complex picture. Although clonal ramets were at much
higher densities at all censuses in 3-cm gaps than in the
3-cm cores of larger gaps (Fig. 2c), seed-derived ramets
were at significantly higher densities in the core of 9-cm
gaps than in smaller ones from February through to the
final census in May (Fig. 2b). In cores the ratio of second-
ary ramets derived from seed to primary ones was higher
in 9-cm gaps because of the greater density of secondary,
seed-derived ramets in this gap size (Table 1).

Summer but not spring grazing treatment affected den-
sities of the different ramet types at monthly censuses. In
general densities of seed-derived ramets were signifi-
cantly higher under light (9 cm sward height) than under
heavier grazing (3 cm sward height) (Fig. 3b), while the
reverse was the case for densities of clonal ramets (Fig.
3c). At most censuses these effects cancelled each other
out, and total ramet densities were not significantly dif-
ferent under the two grazing treatments (Fig. 3a).
Monthly censuses showed no significant interactions bg-
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Table 1. The effects of gap size on the densities at the final census of the two types of sced-derived ramets, primary and secondary,
and on the proportion of seed-derived ramets that were secondary. Results are shown for colonization of the whole gap and of the
inner zone. The standard errors of the differences of the means and the ANOVA F-values are shown. Significances: *=p<0.05,

**=p<0.01, ¥**=p<0.001.

Gap size (cm) SE Fyg
3 6 9
Whole gap Primary ramets (m=2) 6235 5155 4790 824 1.66
Secondary ramets (m-2) 4022 3671 3971 376 0.51
Proportion of secondary ramets 0.395 0.456 0.064 0.464 0.69
Inner zone Primary ramets (m) 6235 6154 7847 752 3.08
Secondary ramets (m2) 4022 3684 7029 722 13.31%*
Proportion of secondary ramets 0.395 0.368 0.469 0.034 4.58*

tween summer and spring grazing (results not shown),
and the few significant gap size x grazing treatment
interactions were not more common than expected by
chance (results not shown). Summer grazing effects on
the colonization of the cores were the same as effects on
colonization of the whole gap and are not presented.
.There were no summer grazing effects in the final census
on the proportion of seed-derived ramets that were sec-
ondary (F=1.36, NS).

Differences among species

ANOVAs of the border frequencies of each of the 12
species showed only one effect of grazing treatment
(summer x spring effect on Lolium perenne, F,3=13.3,
p <0.05) and no effects of gap size or gap size x grazing
treatment interactions.

Species tended to colonize gaps with a density relative
to their average density in the gap borders (Fig. 4).
Spearman rank correlation showed significant similarities
in the rank order of species in the gaps compared to that
in the borders (Rs=0.867, p<0.001, d.f.=11). An index
of colonization ability was calculated for each of the 12
species by dividing the total frequency in the gap by the
border frequency. This was calculated for each paddock
by summing the density of a species over all the gaps in
the paddock. The species differed significantly in this
colonization index (Kruskal Wallis using paddocks as
samples; H=65.09, p<0.001, d.f. =11) (Table 2). Two of
the rarest border grasses Cynosurus cristatus and Bromus
mollis had the highest average colonization indices and
Festuca rubra had the lowest (0.40). The proportion of
ramets of a species that were seed-derived varied signif-
icantly among the species (Kruskal Wallis using pad-
docks as samples by summing the density of a species
over all the gaps in the paddock; H=73.88, p<0.001,
d.f.=11) (Table 2). Bromus mollis had the highest aver-
age proportion (0.953) and Agrostis stolonifera had the
lowest (0.023) (Table 2). There was a significant positive
correlation between this proportion and the colonization
index of species (Spearman rank correlation Rs=0.70,
p<0.05, df.=11).

Split-plot ANOVAs on arcsine transformed total fre-
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quencies (density of all ramets of the species/total ramet
density of all species) of colonizing ramets of each spe-
cies showed that most (9/12 spp.) were affected by gap
size, and a smaller number (5/12 spp.) by one or both
grazing treatments (Table 3). Frequencies significantly
decreased with increasing gap size in six species (Alope-
curus pratensis, Dactylis glomerata, Festuca rubra, Lo-
lium perenne and Phleum pratense) but significantly in-
creased with gap size in four species (Agrostis stolonif-
era, Bromus mollis, Cynosurus cristatus and Hordeum
secalinum). Harder summer grazing significantly in-
creased the total frequencies of Festuca rubra and Hor-
deum secalinum and decreased the frequency of Agrostis
stolonifera. Spring grazing significantly increased the
frequencies of Cynosurus cristatus and Phleum pratense
and decreased the frequency of Agrostis stolonifera.
These grazing effects on total frequencies were mirrored
by effects on the seed-derived frequencies in four species
(Bromus mollis, Cynosurus cristatus, Hordeum secali-
num and Lolium perenne) (Table 4). In Agrostis stolonif-
era, Dactylis glomerata, Festuca rubra and Phleum pra-
tense the grazing effects on clonal frequencies mirrored
those on total frequencies except for the effects on total
frequencies of summer and spring grazing on Agrostis
stolonifera and gap size on Phleum pratense (Table 5),
where no significant effects on clonal frequency were
found. Both seed and clonal frequencies of Alopecurus
pratensis were decreased by increased gap size. There
were only a few cases of significant grazing effects on
seed-derived or clonal frequencies different from those
on total frequencies (Tables 3, 4, 5). There were no
significant effects on any of the measures of species’
frequencies of interactions between summer X spring
grazing or between gap size X grazing treatment (results
not shown).

Discussion
Grazing, colonization mode and gap size

Over the 50 weeks of the experiment, ramet densities rose
from zero to over 16000 m™ in 3-cm gaps and to over
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Fig. 3. The main effects of grazing in summer to 3 cm vs
grazing to 9 cm sward height on mean ramet density pooled
over all gap sizes. The significances of the grazing effects, as
determined by ANOVA, are shown for each census. * =p <0.05.

14000 m= in larger ones (Fig. la), though even the
higher of these densities was still only 71% of the initial
tiller densities measured in gap borders. The only compa-
rable study of gap filling, in a USA old field, found
closure rates of a similar magnitude with gaps of between
10-20 cm diameter taking between 1-2 yr to fill (Gold-
berg and Gross 1988).

The size of a gap affected how and by which species it
was filled. Small gaps were colonized more rapidly than
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larger ones (Fig. 1a). This would be expected from their
greater ratio of gap circumference to gap area, which
decreases the average distance of colonizable space from
the source of colonists by seed or clonal growth on the
gap boundary. Greater clonal growth into smaller gaps
was mostly responsible for this difference (Fig. 1c), al-
though seedling colonists also had transitorily significant
effects in the same direction in autumn and spring (Nov.
and Apr., Fig. 1b). The lesser effect on seedling densities
was probably due to the presence of a seedbank the
density of which should not be affected by gap size. A
comparison of how colonization occurred over the whole
gap area with how it occurred in just the 3-cm cores of
gaps demonstrates a remarkable difference between the

Table 2. The index of colonization ability and the proportion of
seed-derived colonizing tillers for each species averaged over
the eight paddocks. The value for each paddock is derived from
the sum of densities over all replicates of all gap sizes.

Mean index of
colonization ability

Mean proportion of
seed-derived
colonizing tillers

Species

Cynosurus cristatus 2435 0.942
Bromus mollis 2.372 0.953
Hordeum secalinum 1.403 0.891
Poa spp. 1.162 0.335
Lolium perenne 0.890 0.625
Agrostis stolonifera 0.886 0.023
Alopecurus pratensis 0.789 0.330
Phleum pratense 0.623 0.281
Other grasses 0.598 0.416
Dicots 0.565 0.540
Dactylis glomerata 0.475 0.071
Festuca rubra 0.401 0.027
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