Landscape Ecology vol. 3 no. 1 pp 19-27 (1989)
SPB  Academic Publishing bv, The Hague

Disturbances and gap dynamics in a semiarid grasdand: A landscape-level

approach

Debra P. Coffin and William K. Lauenroth

Department of Range Science and Natural Resource Ecology Laboratory, Colorado State University,

Fort Collins, CO 80523 U.S.A.

Keywords: gap dynamics, grassland, disturbance, succession, blue grama, Bouteloua, Smulation

Abstract

We developed a spatialy-explicit gap dynamics simulation model to evaluate the effects of disturbances at
the scale of a landscape for a semiarid grassland in northcentral Colorado, USA. The model simulates the
establishment, growth, and death of individual plants on a small plot through time at an annual time step.
Long-term successional dynamics on individua plots (single gaps) and on a landscape composed of a grid
of plots were evaluated. Landscapes were smulated as either a collection of independent plots or as a collec-
tion of interacting plots where processes on one plot were influenced by processes on adjacent plots. Because
we were interested in the recovery of the dominant plant species, the perennid grass blue grama (Bouteloua
gracilis (H.BK. Lag. ex Griffiths) after disturbances, we focused on scale-dependent processes, such as seed
dispersal, that are important to the recruitment of individuals of B. gracilis.
The type of smulated landscape was important to the recovery time of B. gracilis after a disturbance. Land-

scapes  composed  of independent plots recovered more rapidly following a disurbance than landscapes com-
posed of interacting plots in which the recovery time was dependent on the spatial scale of the disturbance.

Introduction

Disturbances operate over a wide range of spatial
scdes (Pickett and White 1985). The recolonization
of disturbed areas may be dependent on the size of
the disturbance since different physical and hiologi-
cal processes may be important at different spatial
scaes (Delcourt et al. 1983). Disturbances, viewed
in the context of a landscape, produce a patch in the
background matrix (Forman and Godron 1981,
1986). Understanding the relationship among dis-
turbance size, degree of interaction among dis-
turbed and undisturbed patches, and pattern of
recolonization is one of the most important issues
to be addressed in the development of landscape
ecology.

Successional studies in the shortgrass steppe
region of North America have focused on large-
scale disturbances, such as abandoned agricultural
fidds (Savage and Runyon 1937; Judd and Jackson
1939; Costello 1944; Judd 1974; Reichhardt 1982).
An important conclusion from these studies is that
the dominant plant species, blue grama (Bouteloua
gracilis (H.B.K.) Lag. ex Griffiths (Nomenclature
follows McGregor (1986))) recovers very dowly af-
ter a disturbance or not at al because of climatic
condraints on seed germination and seedling estab-
lishment (Riegel 1941; Hyder et al. 1971; Briske and
Wilson  1977).

A recent study of small-scale disturbances indi-
cated that conclusions reached about the inability
of Bouteloua gracilis to recolonize large disturb-
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ances may not hold for al disturbances, and in par-
ticular, small disturbances that occur frequently
(Coffin and Lauenroth 1988). Results from a smu-
lation model based on a gap dynamics conceptudli-
zation of successon in shortgrass communities  sug-
gested that the availability of seeds may be a more
limiting factor in the recovery of B. gracilis than cli-
matic congtraints on seed germination and seedling
establishment, and furthermore that the availabili-
ty of seeds may be a function of the spatid scale of
the disturbance (Coffin and Laurenroth unpub-
lished).

The availability of seeds of Bouteloua gracilis a
a paticular point on a landscape depends on sever-
al factors, including the production, dispersal, and
sorage of seeds in the soil. The production and dis-
persd of seeds of B. gracilis each year may be pa-
ticularly important since a field study found rela-
tively few seeds of B. gracilis stored in the soil (54
seeds/m? averaged over a two-year sampling peri-
od) with alarge variability in the number of seeds
stored through time (Coffin and Lauenroth 1989).
Seeds of B. gracilis ae primaily wind dispersed;
therefore the recovery of B. gracilis may depend on
the spatial scale of the disturbance relative to the
dispersal distance of the seeds.

Our objective in this anadysis was to evauate the
effects of disturbance size and the spatidly-explicit
process of seed dispersal on the recovery of Bou-
teloua gracilis after disturbances. Our approach
was to incorporate spatial structure into the gap dy-
namics ssimulation model for a semiarid grassland
(Coffin and Lauenroth unpublished) by concept-
ualizing the landscape as a grid of plots in which
either processes on one plot may affect processes on
other plots (Fig. 1a) or processes on one plot are in-
dependent of processes on other plots (Fig. 1b).

L
Site description
All data were collected at the Central Plains Ex-
perimental Range (CPER) in northcentral Colora-
do approximately 60 km northeast of Fort Collins
(40" 49 N latitude, 107" 47 W longitude). The
CPER is administered by the USDA Agricultura

Service. Mean annual precipitation is 3 11 mm (sd
= 79 m) and mean monthly temperatures range

from —-5° C in January to 22" C in July. The topog-
raphy consists of relatively flat uplands and low-
lands connected by gentle dopes. The vegetation is
typical of the shortgrass steppe in that most sites are
dominated by the perennid grass Bouteloua graci-
lis. Moderate grazing by cattle occurs throughout
the area

Model descri ption

The effects of spatialy-explicit processes on the
recovery of Bouteloua gracilis after disturbances
was evauated usng a modification of a gap dynam-
ics simulation model developed for a semiarid
grassland (Coffin and Lauenroth unpublished).
The gap mode is similar to models developed for
forests (Botkin et al. 1972; Shugart 1984), and
simulates the establishment, growth, and death of
individual plants on a small plot (0.12 m?) through
time at an annual time step. The establishment and
mortality of plants are modeled as stochastic
processes. there is a probability associated with
each species that establishment of plants will occur
each year either as seedlings or vegetative propa-
gules, while the probability of mortality for an in-
dividua each year is based on the disturbance rate
the longevity of the species, and the greater risk of
death associated with slow-growing individuas
than with plants of average growth rates (Shugart
1984). Plant growth is based on the importance of
belowground processes associated  with  the  acquis-
tion of soil water resources, since soil water is the
most frequent control on plant growth and commu-
nity structure in semiarid grasslands (Noy-Meir
1973; Lauenroth et al. 1978) and belowground net
primary production contributes approximately
85% to total net primary production (Sims and
Singh 1978). Details of the model can be found in
Coffin (1988) and Coffin and Lauenroth (unpub-
lished).

Spatid  structure was incorporated into the mode
by considering the landscape to consist of a grid of
plots in which processes on one plot could affect
processes on other plots. Because we were interest-
ed in the recovery of Bouteloua gracilis after distur-
bances, we were concerned with processes impor-
tant to the recruitment of individuas of B. gracilis
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Fig. 1. Two conceptudizations of a landscape (@) a grid of plots in which processes on one plot may affect processes on other plots
(b) a grid of plots in which processes on one plot are independent of processes on other plots.

onto each plot. Three general processes were in-
cluded with a least one probability associated with
each process:

1. The probability (0.125) that the microenviron-
mental conditions required for the germination and
establishment of B. gracilis seedlings would occur
each year was based on the timing of precipitation
and temperature, and the effects of soil texture
from Briske and Wilson (1977) and Laurenroth et
al. (1987).

2. The availability of seeds of B. gracilis to each
plot was based on probabilities associated with the
production and dispersd of seeds of B. gracilis. The
probability of seeds being produced was a function
of the amount of aboveground hiomass of B. graci-
lis and the amount of precipitation received in the
previous year, snce seeds of B. gracilis produced in
the fall of one year are available to germinate in the
spring of the following year (Dickinson and Dodd
1976; Coffin and Lauenroth 1989). We assumed
that 49 g/m*, or 50% of the maximum biomass of
B. gracilis, was necessary for seeds to be produced.
Therefore, the probability was calulated as:

N
P, = 10  if BIOMASS > =49 g/m* (J)

P, = 00 if BIOMASS < 49 g/m* (2)

where P, is the probability that seeds of B. gracilis
were produced and BIOMASS is the hiomass of B.
gracilis on the plot.

If the biomass of B. gracilis was sufficient for
seed production, then the probability associated
with annua precipitation was calculated by the
function:

P, = 1.0 - 0.99*exp( - 0.0018953*(LYPPT-105))
&)

where P is the probability of seeds of B. gracilis
being present on the plot and LYPPT is the amount
of precipitation in the previous year. The values of
P, range from 0.01 in the dryest year (LYPPT =
105 mm) to 0.55 in the wettest year (LYPPT = 520
mm). We assumed that even in the weitest year the
probability of seeds being present is small since few
seeds of B. gracilis persist in the soil through time
(Coffin and Lauenroth 1989); thus the production
of seeds in one year does not necessarily result in
seeds being available the following year.

3. The probability of seeds dispersing to a plot
was a function of the distance from the source of
seeds, the height of the inflorescence, the average
wind speed, and the aerodynamics of the seeds. We
assumed the didribution of seeds dispersng from a
parent plant was described by a negative exponen-
tial function (Werner 1975):

P, = exp( —~ RATE*DIST) @

where P is the probability that at least one seed
will disperse to a distance of DIST from the parent
plant, and RATE is a measure of the dispersability
of the seeds. The vaue of RATE (3.78) was calcu-
lated by assuming P, = 0.005 at the maximum dis-
tance (MAXD) that seeds of B. gracilis can travel
under field conditions. MAXD was edimaied using
an equation for winddispersed seeds (Greene and
Johnson  1986):

MAXD = (H * V,) / V, ©)
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(b)

Fig. 2. A simulated landscape consists of a grid of plots that con-
tains (@) the disturbed plots (b) the plots surrounding the distur-
bance within the maximum dispersal distance of Bouteloua
gracilis seeds (MAXD).

where H is the average rdesse hdght of the inflore-
scences (30 cm), V_ is the mean horizontal wind
speed (500 cm/sec), and V, is the average sinking
velocity of the seeds (100 cm/sec). H and V, were
estimated from field data from the CPER, and V,
was estimated using data from wind-dispersed
gadad gades with smila ssad agodynamics as
seeds of B. gracilis from Rabinowitz & Rapp
(298D. The vdue of MAXD usdd in the modd (14
mwasbesdonaneennumbag @ o Han x H
cm square plots.

Experimental simulations

The effects of five disturbance sizes (2, 8, 18, 31,
ad 49 m? on the recovay of Bouteloua gracilis
were evaluated for landscapes consisting of a grid
of plots. The corresponding number of 0.12 m?
plots in each square disturbance was: 16, 64, 144,
256, and 400. Each 300-year simulation began by
initializing each plot in the grid with plants. The
gades compastion on each plat was bessd on the
proportion of plats in a deady-dae landscgpe with
a given species composition from Coffin & Lauen-
roth (unpublished). A disturbance was then posi-
tioned within the grid of plots with the restriction
that the entire disturbance and the surrounding
plots within the maximum dispersal distance of
s o B. gracilis (MAXD) wae indudad indde
the gid (Hg 2. We assumad dl plaits on the plots

in the disubance wee killed The smulaions wee
conduded in two ways (1) the landscgpe wes oons-
dered a collection of interacting plots in which the
recovay of B. gracilis on a dnge pat wes a fuc
tion of the dynamics of B. gracilis on that plot as
well as on surrounding plots within the dispersa
distance of seeds of B. gracilis (dependent land-
L (Fg 18; (2 the landsge was conddered
a collection of independent plots in which the
recovery of B. gracilis on a single plot was only a
fundion of the dynamics of B. gracilis on that plot
(independent landscapes) (Fig. Ib).

In the caxe of the dependant landscepes eech dis
turbance was considered a separate unit; therefore
5 rgdicate landscgpes or didubence events were
simulated for each disturbance size. For each dis-
turbance event, there was a probability of the
microenvironmental conditions occurring for seed
germination and seedling establishment, and a
probability that annual precipitation was sufficient
to dlov the produdion of ssads The probedlity of
s of Bouteloua gracilis bang avdlade to each
plot in the ddubed aea wes then a fundion of the
ddance from the plat to the nearest plot with auffi-
dat biomess for seeds to be produced. For the i
dependent landscapes, each plot represented a
separate unit; therefore one disturbance event was
simulated for each disturbance size. Each plot was
simulated independently of the other plots in the
grid and the probabilities associated with seedling
establishment were calculated for each plot sepa-
rately. We assumed the only constraint on seed
availahility to these plots was the effect of precipi-
tation on the production of seeds.

The avaae aovegoud bomes o Bouteloua
gracilis for the depandat landscgpes for each time
step was found by averaging the biomass on all
plots contained within each disturbed area. Those
values were then averaged for the 25 replicates for
each disturbance size. The 95% confidence inter-
vds for the avgepe biomess vdues weae cdadaed
based on the standard deviations among the 25
reficdtles The averepe aboveyound biomess of B,
gracilis for the indgpandeat landscgpes was  bessd
on the biomass for all plots within the disturbed
aea for eech dze The 99% coffidence intavas for
the average biomass values were calculated based
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Fig. 3. Average aboveground biomass of Bouteloua gracilis and 95% confidence bands for 300 years for two types of landscapes and

three disturbance sizes (@) 2 m? (b) 18 m? (c) 49 m>.

on the standard deviations among the plots.

For both types of landscapes and each disturb-
ance Size, the recovery time of Bouteloua gracilis
was ddined a8 the time & which the five year run-
ning average of the upper 95% confidence interval
of biomass of B. gracilis reached steady-state (89
g/m*). The recovery times were calculated as an

average for dl plots in each disturbance and as an
average for different types of plots. Plot type was
besed on the ddance from a plat in the digubance
to the first row of plots bordering the disturbance.
Each pat in the dgubence wes identfied bessd on
tre numbar of maximum sad dgpasd ddances o
B. gracilis between the plot and the border plots
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Fig. 4 Average aboveground biomass of Bouteloua gracilis for 300 years for two landscape types and five disturbance sizes. The average
of the five sizes is shown for the landscapes consisting of independent plots.

(plot type 1 = 1*MAXD, plot type 2 = 2*MAXD,
and plot type 3 = 3*MAXD).

Results and discussion

The recovery of Bouteloua gracilis after a disturb-
ance was affected by the degree of interaction be-
tween plots making up the landscape, and the size
of the disturbance. Landscapes consisting of a col-
lection of interacting, dependent plots had smaller
average aboveground hiomass of B. gracilis
through time and longer recovery times for al dis-
turbance sizes than landscapes consisting of in-
dependent plots (Fig. 3). Although the results are
only shown for the smallest-, intermediate-, and
largest-sized disturbances, the results for the re-

maining two disturbance sizes (8 and 31 m?) were
similar. The variability in biomass, as indicated by
the width of the confidence bands, was less for the
independent than for the dependent landscapes for
dl five disurbance sizes. The decrease in the vaia
bility of biomass of B. gracilis as the disturbance
§ze incressed for the independent landscapes was a
result of the increase in the number of plots aver-
aged to obtain the mean (from 16 for the 2 m? to 400
for the 49 m? disturbance size). The smilar variabil-
ity for al disturbance sizes for the dependent land-
apes was a result of averaging across the 25 dis
turbance events for each sze.

The average aboveground hiomass of Bouteloua
gracilis on the five disturbance sizes for the depen-
dent landscapes were smaller through time than for
the overal average of the five sizes for the indepen-



dent landscapes (Fig. 4). The overal average bio-
mass for each time step is shown for the indepen-
dent landscapes since the values were not signifi-
cantly different. Two classes of curves are distin-
guishable for the dependent landscapes based on
the size of the disturbance relative to the maximum
dispersd  distance of seeds of B. gracilis. Biomass
on the two smallest disturbance sizes were similar
and larger through time until steady-state was
reached than biomass values on the three largest
disturbance sizes. All plots within the two smallest
sizes were within the maximum dispersal distance
of seeds of B. gracilis from plots surrounding the
disturbance; therefore all plots were accessible to
seds of B. gracilis a the start of each simulation.
In contrast, plots in the center of the three largest
disurbance szes were beyond the maximum disper-
sal distance of seeds of B. gracilis from the sur-
rounding undisturbed plots; therefore plots within
the disturbed area that were accessible to seeds of
B. gracilis from the undisturbed plots had to be
recolonized by B. gracilis before seeds were avala
ble to the center plots and recolonization could
begin.

The average time required for Bouteloua gracilis
to reach steady-state and dominate the biomass on
a disurbance was less for the landscapes consisting
of independent plots for each disturbance size than
for the landscapes of dependent plots (Fig. 5a).
Recovery time increased as disturbance size in-
creased for the dependent plots while similar vaues
were found for al disturbance sizes for the indepen-
dent plots.

The average recovery times of Bouteloua gracilis
(136-206 years) associated with the landscapes that
incorporated the spatially-explicit process of seed
dispersal (dependent plots) were more similar to
recovery times reported from experimenta studies
than the average recovery times for the independent
plots (34-65 years). Most successional studies in
the shortgrass steppe of North America have been
conducted on abandoned agricultural fields where
a shortgrass community dominated by B. gracilis
has been suggested to occur after greater than 50
years of plant recovery (Hyder et al. 1971; Reich-
hardt 1982), although the recovery of B. gracilis has
not actually been monitored for this length of time.

25

Mogt fidds were abandoned in the 1930's and cur-
rently B. gracilis is a minor component of the plant
communities (Hyder et al. 1971); B. gracilis fre-
quency vaues of 2% were recently recorded (Reich-
hardt  1982).

The model results indicate that Bouteloua gracilis
achieved 20-50% of its average biomass on the de-
pendent plots 50-60 years after a disturbance (Fig.
4). Because of the important effects of disturbance
size on the recovery of B. gracilis for the dependent
plots, the smulation of sizes comparable to aban-
doned fields (> 1 ha) is expected to result in longer
recovery times than for the largest size evaluated in
this study (49 m?). Therefore, the recovery times
that include the dispersal of B. gracilis seeds as a
spatially-explicit process are still faster than those
observed experimentally. It is possible that other

rocesses important to the recovery of B. gracilis

ae scaedependent, such as the occurrence of the
microenvironmental conditions required for the
germination and establishment of seedlings of B.
gracilis, or that seeds of B. gracilis are present on
disturbed areas less frequently than used in the
simulations. Long-term experimental studies on a
range of disturbance sizes are necessary to evauate
the recovery of B. gracilis after disturbances. Re-
cently a sudy was initiated to evauate successiond
dynamics on disturbances, such as western har-
vester ant mounds (Pogonomyrex occidentalis
(Cresson)), that are comparable in size to the
smallest size simulated (2 m?) (Coffin 1988).

The distance from a disturbed plot to the plots
bordering the disturbance, as distinguished by plot
type, had a more important effect on the recovery
time of Bouteloua gracilis than the size of the dis
turbance (Fig. 5b). Plots closest to the edge of the
disturbance (type 1) had the fastest recovery times
with an average for the five disturbance sizes of 162
years. Plots located at two dispersal distances of
seeds of B. gracilis (type 2) had an intermediate
average recovery time (243 years) while plots at
three dispersal distances (type 3) had the longest
average recovery time (289 years).

The similar recovery times of Bouteloua gracilis
for each disturbance size for plots at comparable
seed dispersal distances from the edge of the dis-
turbance indicate that recovery time will increase as
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Fig. 5. Average time required for Bouteloua gracilis to dominate the biomass on a disturbance for two landscape types and five disturb-
ance sizes (a) average of three plot types (b) average for each plot type.

the number of different types of plots contained in similar recovery times. The incorporation of other
a disturbed area increases rather than as disturb- factors into the model, such as spatid heterogeneity
ance Size increases; disturbances of different sizes in soil texture, may result in different recovery

yet with the same number of plot types will have times for plots of the same type, and different



recovery times for disturbances with the same num-
ber of plot types yet of different sizes.
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