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Abstract: Ecological transition zones are believed to be unique in their ability to shed light on the organization of populations and
communities. In this paper, we study vegetation dynamics in the Great Plains short-grass steppe and Chihuahuan desert grassland
ecotone in New Mexico, USA, using long-term, high resolution transect studies of the Sevilleta Long-Term Ecological Research
Program. We focus on spatial pattern and examine this in several ways: patch size distribution, spatial autocorrelation analysis, and
fractal scaling. These methods are used to examine patch size distributions in two sites representing distributional limits of the dominant
species and for detection of an emergent scaling property. We found no characteristic spatial resolution (quadrat size), but rather a
fractal structure of spatial variation in abundance and a trend towards consistency of the pattern in time when species were closer to
their distributional limit. In this, we were able to detect a robust power law behaviour (the emergent property), indicating strong spatial
organization via anti-persistence. Our investigation was exploratory in nature; we feel the results are highly suggestive of intrinsic
organization in ecological dynamics and may also be useful in generating testable hypotheses regarding the behaviour of species along
ecotones.

Introduction

An ecological transition zone (or ecotone) has been
defined as a ‘zone of transition between adjacent ecologi-
cal systems, having a set of characteristics uniquely de-
fined by space and time scales and by the strength of the
interactions between adjacent ecological systems’ (di
Castri et al. 1988). In their simplest form, transitions arise
from a direct response of ecological systems to discon-
tinuous environmental gradients. In more complicated
scenarios (e.g., Loehle et al. 1996, Li2001a,b), transitions
can reflect intrinsic and highly organized dynamics of
component response variables and emergent properties
(properties which cannot be predicted from knowledge of
lower-level properties). Many authors have pointed out
that characterization of transition zones can be a very sub-
tle science and most agree that pattern analysis at various
hierarchical levels and spatial scales is recommended
(Fortin 1994, Gosz and Sharpe 1989, Gosz 1993, Li 2000,
2001a).

Existing hypotheses regarding vegetation dynamics
in transition zones focus on spatial patterns of patch sizes.
It has been suggested, for example, that sizes of homoge-
nous patches for species in transition zones decreases
(with respect to adjacent biomes), and that the variety of
patches increases (Delcourt et al. 1983, Gosz 1993). How-
ever, other aspects of dynamics, such as spatial autocor-
relation, temporal stability, and scaling relations may help
to characterize the zones and provide further insight into
making the distinction between specific and local patterns
and generalizable emergent properties.

In this paper, we study the ecotone occurring between
the Great Plains Short-Grass Steppe and the Chihuahuan
Desert in New Mexico, USA, which has been monitored
for over 10 years as part of the Sevilleta Long-Term Eco-
logical Research program. This ecotone is fairly simple in
terms of species richness alone: two grass species,
Bouteloua eripoda (a typical Chihuahuan desert species)
and Bouteloua gracilis (a typically Great Plains species),
intermingle to dominate the vegetation landscape. We
pose simple questions about the ecotonal dynamics: 1.
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How do spatial dynamics of the dominant species change
as they move away from their distributional limits? 2. Are
these spatial dynamics stable in time?

We focus on the consistency of spatial pattern in time.
This requires elaboration since spatial pattern has several
components and can be assessed in different ways. The
two components of spatial pattern of interest were (i)
patch size distribution and (ii) distribution of patches in
space (distance between patches). Because of the fine spa-
tial resolution of sampling, both these can be determined
directly from this particular dataset. However, we were
also interested in applying higher-order analytical meth-
ods of spatial pattern detection in vegetation data to com-
pare observed patterns (patch distributions) with those de-
tected by the analytical methods (spatial autocorrelation,
quadrat variance and Hurst scaling).

Site and data description

The Sevilleta Long-Term Ecological Research
(LTER) site is located in central New Mexico, USA. An-
nual mean precipitation is 280 mm, with considerable in-
ter-annual variability. Summer precipitation occurs in in-
tense, local thunderstorms and accounts for over half of
the annual moisture. Winter precipitation is unpre-
dictable. Mean monthly temperatures range from 2.5 °C
to 27 °C (Gosz 1991). The region is a transition zone be-
tween the biomes of the cold desert of the Great Basin, the
warm Chihuahuan desert, and the semiarid short-grass
steppe (Gosz 1991). The two sites chosen for this study
were Deep Well and Five Points. They represent two
points along the gradient from Chihuahuan desert to Great
plains short-grass steppe, with Deep Well occurring north
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Figure 1. Distribution limits of B. eripoda and B. gracilis
in the Sevilleta LTER site (after Gosz 1993) and relative lo-
cation of sites Deep Well and Five Points.
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of Five Points (Figure 1). Two perennial C4 grasses, the
caespitose blue grama (Bouteloua gracilis) characteristic
of the short-grass steppe and the stoloniferous black
grama (Bouteloua eripoda) characteristic of the Chihua-
huan desert, are co-dominant in both sites, with B. eripoda
generally occurring with higher cover.

The data we used come from line-intercept studies
running from 1989 until 1998. Details about sampling de-
sign can be found at http://sevilleta.unm.edu/research/
local/plant/transect/. The line-intercept transects in this
study were established to evaluate temporal and spatial
dynamics in vegetational transition zones (e.g., black
grama grassland/creosote shrubland) at a 1 centimeter
resolution. The transects were sampled twice, once in late
May or early June and once in late July or early August to
monitor potential responses in “cool season” and “warm
season” plants. We chose the spring counts, since they
were done in the most consistent fashion. Records of plant
frequency for the two dominant species B. gracilis and
B.eripoda, within 10 cm cells along a 400 m transect
(Transect 1) were used.

Definition of spatial pattern

We considered three aspects of spatial dynamics. The
first was observed patch size distribution. A patch was de-
fined as a contiguous series of occurrences (presence/ab-
sence) of a species along the transect. Patch size distribu-
tions were fit to well-known theoretical distributions
(e.g., normal, exponential, lognormal). Furthermore,
changes in patch size distribution were assessed using
mean and standard deviation of patch sizes and randomi-
zation testing (de Patta Pillar 2001). The second aspect of
spatial dynamics considered was spatial autocorrelation
(Upton and Fingleton 1985) at various lags (intervals of
space between related events). The third was resolution of
sampling unit (quadrat variance). Here, the sampling unit
was increased by pooling of contiguous quadrats along
the transect. Of interest in this case was how variance in
species abundance (frequency) between quadrats changed
with increasing quadrat size. This has been traditionally
used in plant ecology for the detection of critical scales
and/or patch size in vegetation (cf. Greig-Smith 1979,
1983). All calculations and analyses were done for all of
the 10 years.

Results

Typical spatiotemporal dynamics of B. eripoda and B.
gracilis are shown in Figure 2. Spatial patterns are not vis-
ible from the raw data. The distribution of patch sizes of
B. eripoda and B. gracilis in both sites for all years is
shown in Figure 3. All but five distributions were best fit
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by the lognormal distribution (Kolmogorov’s D test; p <
.01) with similar parameters for 4 and 0. The exceptions
were found in Deep Well, but only one of these did not
significantly prove to display a lognormal distribution: B.
eripoda in 1990 (p < .03), 1995 (p <.11) and 1996 (p <
.03), B. gracilis in 1990 (p <.04) and 1992 (p <.03).

If we consider the mean and standard deviation of
patch size, distributions of both species in both sites
changes with time (Figure 4). In Deep Well, significant
changes (p < .01, from randomization testing) in mean
patch size for B. gracilis occurred in Year 2 (1990), Year
6 (1994), Year 7 (1995) and Year 10 (1998). Significant
changes (p<.01, from randomization testing) in mean
patch size for B. eripoda occurred in Year 2 (1990), Year
4 (1992), Year 5 (1993), Year 7 (1995) and Year 10
(1998). In addition, it is worth noting that in Deep Well,
standard deviation of patch size was slightly lower than
its mean for B. gracilis, but much higher than its mean for
B. eripoda. This is interesting because in Deep Well B.
eripoda is approaching its distributional limit.

In Five Points, significant changes (p <.01, from ran-
domization testing) in mean patch size for B. gracilis oc-
curred in Year 6 (1994), Year 8 (1996), Year 10 (1998).
Significant changes (p < .01, from randomization testing)
in mean patch size for B. eripoda occurred in Year 2
(1990), Year 4 (1992), Year 9 (1997) and Year 10 (1998).
In addition, it is worth noting that in Five Points, standard
deviation of patch size in both species was quite different
from that in Deep Well. B. gracilis began with standard
deviation more or less equal to the mean, but in later
years, this increased dramatically. In B. eripoda, standard
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Figure 2. An attempt to visualize
spatiotemporal dynamics of B. eri-
poda and B. gracilis. Abundance
(frequency) is estimated within
100 cm intervals along the transect
(coarser scale than analyses). In-
tensity of shading reflects abun-
dance (dark, high; light, low).
Time is in years. Upper graphs are
for Deep Well; Lower graphs are
for Five Points. The graph shows
the difficulty in detecting spa-
tiotemporal patterns visually.

B. gracilis

deviation remained more or less close to its mean. In Five
Points, B. gracilis is approaching its distributional limit.

A typical distribution of inter-patch size (distance be-
tween patches/areas where either one or both dominant
species is absent) is shown in Figure 5 along with its fit to
a lognormal distribution (p < .01). What should be noted
here is the fact that the distribution of inter-patches fol-
lows roughly the same shape as that of patches, but is not
necessarily the same as the patch size distribution of spe-
cies. In this case (Five Points in 1989), mean inter-patch
size of B. eripoda was 22.3 (s.d. 19.8), which was similar
to its patch size distribution (Figure 3). However, mean
inter-patch size of that of B. gracilis was 17.1 (s.d. 18.7),
which was very different from its patch size distribution
(Figure 3).

The effect of changing block size on variance (non-
centred second moment) is shown in Figure 6. Log-log
plots were made because a simple power law relationship
was observed between variance and block size. Similar to
the calculation of a scaling relation using semivariance
(Berry and Lewis 1980, Burrough 1981), this scaling re-
lation could be estimated as the following power law:

o> o (1)

In (1), H is the slope of the log-log graph and the Hurst
exponent (Hurst 1951, Peitgen et al. 1992). In a purely
random structure, whose variables are not correlated, H is
found to be 0.5. When H is greater than 0.5, the structure
shows persistence, namely, the presence of long-range
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Figure 3. Patch size distribution of B. eripoda (left column) and B. gracilis (right column) from 1989 to 1998 in Deep Well
and Five Points. Patch size is based on 10 cm width classes: 1 corresponds to 0-10 cm width, 100 corresponds to 990-1000
cm width. Fitted curves are lognormal with parameters given (1, 0). All but one distribution provided statistically good fits.
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Figure 4. Mean and standard devia-
tion of patch size (cm) for both spe-
cies in (a) Deep Well and (b) Five
Points.
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positive autocorrelation. When H is less than 0.5, the
structure shows anti-persistence, or long-range negative
autocorrelation. The Hurst exponent is related to the frac-
tal dimension D through D =2 - H (Mandelbrot 1983).

The Hurst exponent was fairly consistent in time for
both species. The exponent for B. eripoda ranged from
0.345 to0 0.41 in Deep Well and from 0.33 to 0.39 in Five
Points. The exponent for B. gracilis ranged from 0.35 to
0.375 in Deep Well and 0.345 - 0.405 in Five Points.
These results indicate that the fractal structures of fluctua-
tions for both species are anti-persistent. It is interesting
to note that species showed higher temporal variation in
the Hurst exponent in sites further from their normal dis-

tributional limits. The autocorrelation dynamics of both
species in both sites are shown in Figure 7 for a typical
year. In both sites, the two species show fairly similar
autocorrelation dynamics at low resolution (Block size 1-
16), but then as resolution becomes higher, dynamics be-
gins to diverge. As expected by the low Hurst exponent,
both species showed significant negative correlations at
high lag.

Discussion

We set out to examine spatial pattern in dominant spe-
cies at different points along a biome transition zone. Di-
rect observation of spatial pattern in terms of patch size
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Figure S. Inter-patch (distance between patches) distribution in 1989. Inter-patches are those in which either both or the
other dominant grass is absent. Abscissa is inter-patch size classes which are the same patch size classes (see Figure 3).
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Figure 7. Spatial autocorrelation dynamics of B. eripoda (predominantly lower/bottom graph) and B. gracilis (predomi-
nantly higher/top graph) at different block sizes (Block size 1-top left; Block size 40-bottom right). Straight lines are conser-
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distribution revealed that response to movement away
from their distributional limit was time-dependent and
species-specific. The characteristic patch size could be in-
terpreted as the most commonly occurring patch size. In
all cases, this was very small (around 10-30 cm in width).
Patch size of populations is, however, only one part of the
spatial pattern. The other is of course how those patches
are distributed in space. For this, examination of the dis-
tribution of patches in space (inter-patch distance) was
important and revealing. These were similar for both spe-
cies, but in general, inter-patch distance was even smaller
than patch size. Why is this important? Because these two
components of spatial pattern can be confounded when
using pattern detection techniques such as correlograms.
We were thus interested to see the results of the analytical
techniques.

Classical variance vs. block size analysis gave a result
different from those of patch size distribution analysis: 1.
no characteristic spatial resolution (quadrat size), but
rather a fractal structure of spatial variation in abundance
and 2. a tendency towards consistency of the pattern in
time when species were closer to their distributional limit.
All Hurst exponents were found to be less than 0.5, indi-
cating anti-persistence. These results are in general agree-
ment with the results obtained by spectral analysis and de-
trended fluctuation analysis (Wang 2001). This implies
that spatial patterns of both species are aggregated; aggre-
gation may be regarded as special type of resource parti-
tioning which promotes coexistence (Ives 1991). Auto-
correlation analysis performed at different spatial
resolution produced results consistent with the fractal in-
terpretation of variance analysis, but not clearly interpret-
able on their own. We found that autocorrelation dynam-
ics was generally affected by quadrat size (in agreement
with Qi and Wu 1996 and Fortin 2000). We feel that this
may be due to the fact that this method is more sensitive
to small inter-patch distance than block variance tech-
niques, but this remains to be formalized and tested.

Regarding the ecology of spatial dynamics of species
along an ecotone, we can compare our results with those
of Gosz (1993) and Aguilera and Lauenroth (1993). The
latter found that the Central Plains Experimental Range
(CPER), in which B. gracilis accounts for over 90% of
plant cover, patch sizes were much higher than the ones
found in the ecotonal sites. Gosz (1993) found decreasing
patch size as the distributional limits of species are
reached and hypothesized that this was due to increased
sensitivity to microsite conditions at the range limits of a
species. We found this to be the case as well, but interpret
it more in terms of structural dynamics as reflected in the
higher variation in the Hurst exponent in time and stand-

Anand and Li

ard deviation of patch size. We hypothesize that this is due
to the fact that in transition zones, species interactions
may not yet have had time to stabilize. When species were
fairly close to their distributional limits, spatial pattern
tended to be highly organized (Hurst exponent consistent
in time, lower standard deviation in patch size), and al-
though we do not have physical environmental data to
make the case, we feel that this organization is likely
linked to the way these species colonize space through
clonal growth. We know in general that the study sites dis-
play considerable fine-scale heterogeneity in terms of soil
characteristics and animal disturbance. We think that
even if it could be determined that these were causes for
species patterns, this would not diminish the results pre-
sented here.

In conclusion, we found that raw observation of spa-
tiotemporal abundance and patch size distribution pro-
vided too fine a resolution to detect spatial organization
as an emergent property in ecotonal dynamics. The latter
was detectable by scaling of spatial variation through
quadrat pooling but was not obvious from autocorrelation
analyses. We feel that the two components of spatial vari-
ation (patch size and inter-patch size) could have been
confounded by autocorrelation analyses. The results in-
spire, at least in us, future work to examine the theoretical
relationships between these components of spatial vari-
ation, their contribution to power law scaling behaviour
and their implications in ecology.
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