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Summary

 

1.

 

The spatial pattern of tree species retains signatures of factors and processes such as dispersal,

available resource patches for establishment, competition and demographics. Comparison of the

spatial pattern of different size classes can thus help to reveal the importance and characteristics of

the underlying processes. However, tree dynamics may be masked by large-scale heterogeneous site

conditions, e.g. when the restricting size of regeneration sites superimposes emergent patterns.

 

2.

 

Here we ask how environmental heterogeneity may influence the spatial dynamics of  plant

communities. We compared the spatial patterns and demographics of  western hemlock in a

homogeneous and a heterogeneous site of old-growth Douglas-fir forests on Vancouver Island

using recent techniques of  point pattern analysis. We used homogeneous and inhomogeneous

 

K

 

- and pair-correlation functions, and case-control studies to quantify the change in spatial dis-

tribution for different size classes of western hemlock.

 

3.

 

Our comparative analyses show that biological processes interacted with spatial heterogeneity,

leading to qualitatively different population dynamics at the two sites. Population structure, survival

and size structure of western hemlock were different in the heterogeneous stand in such a way that,

compared to the homogeneous stand, seedlings were more clustered, seedling densities higher,

seedling mortality lower, adult growth faster and adult mortality higher. Under homogeneous site

conditions, seedling survival was mainly abiotically determined by random arrival in small gaps

with limiting light. At the heterogeneous site, seedling densities and initial survival were much

higher, leading to strong density-dependent mortality and selection for faster growing individuals

in larger size classes. We hypothesise that the dynamics of the heterogeneous stand were faster due

to asymmetric competition with disproportionate benefit to taller plants.

 

4.

 

Synthesis

 

. Our study supports the hypothesis that successional dynamics are intensified in

heterogeneous forest stands with strong spatial structures and outlines the importance of spatial

heterogeneity as a determinant of plant population dynamics and pattern formation.
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Introduction

 

Dispersal strategies of  species have a profound influence

on their survivorship in different environments (Dieckmann

 

et al

 

. 1999; Hovestadt 

 

et al

 

. 2000; Hille Ris Lambers & Clark

2003). Some species may follow a generalist dispersal strategy

with a widespread but low density distribution of seeds that

enable them to colonize new suitable sites, while others may

specialize in local regeneration to form distinct clusters (He

& Duncan 2000; Wiegand 

 

et al

 

. 2007b). These contrasting

strategies reflect a trade-off with 

 

r

 

-selected species relying on

a combination of colonization and exploitation, while 

 

K

 

-selected

species rely on maintenance (Bolker & Pacala 1999). The

dispersal strategy should leave a signature in the spatial

pattern of  the species, both in the spatial seedling – adult

association (Ribbens 

 

et al

 

. 1994) and in the clustering of

seedlings. However, different spatial patterns may also reflect

differential abilities of  species to survive intra and inter-

specific competition during succession (Getzin 

 

et al

 

. 2006).

The effects of density-dependent mortality may be revealed

by comparing the change in spatial pattern of  different

life-history stages (Moeur 1997; Plotkin 

 

et al

 

. 2002).
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Spatial pattern analysis becomes more complicated when

large-scale environmental heterogeneity masks the dispersal

and demographic behaviour of a given species, for example,

by forcing it to aggregate in restricted regeneration sites (He

 

et al

 

. 1997; Coomes 

 

et al

 

. 1999). A patchy distribution of limiting

resources may then influence demographic processes and the

emerging species patterns. Consequently, population dynamics

and ecological feedbacks may interact in a complex manner

(Clark 

 

et al

 

. 1998; Dieckmann 

 

et al

 

. 1999; Condit

 

 et al

 

. 2000).

For this reason, gaining an understanding of the effects of

environmental variation in space remains a major challenge

in spatial ecology (Amarasekare 2003; Gratzer 

 

et al

 

. 2004;

Ronce 

 

et al

 

. 2005). The problem at hand is to separate the

effects of direct plant–plant interaction on the spatial pattern

(so called ‘second-order effects’) from effects resulting from

large-scale variation in habitat quality (so called ‘first-order

effects’) because both may lead to similar spatial patterns

(Coomes 

 

et al

 

. 1999; Lancaster 2006; Wiegand

 

 et al

 

. 2007a).

For example, the effects of density-dependent thinning on the

pattern of large adult trees need to be separated from the

effects of habitat-induced thinning. However, contrasting

environmental conditions may also cause feedbacks between

spatial structure and demographics by qualitatively changing

key processes such as regeneration due to different gap sizes

or competition due to heterogeneous resource distribution

(Colasanti & Hunt 1997), or may result in indirect effects (e.g.

pathogen transmission) on spatial patterns in communities.

A rarely used but important approach to study such

cascade effects of environmental heterogeneity is to compare

plots within the same type of plant community but contrasting

environmental variability. Although the importance of hetero-

geneity has been recognized (e.g. Spieth 1979), comparisons

of  differential population response to homogeneous and

heterogeneous site conditions have been mostly limited to

artificial research designs (Hartgerink & Bazzaz 1984; Blair

2001; Neatrour 

 

et al

 

. 2007). However, there is need for

detailed comparisons under field conditions because environ-

mental variability is the rule rather than the exception in

nature (Hewitt 

 

et al

 

. 2007).

One approach to exploring spatial plant dynamics is to use

point pattern analysis of fully mapped plant locations using,

for example tree–trunk or tree–crown positions (Getzin &

Wiegand 2007). Spatial statistics such as Ripley’s 

 

K-

 

function

(Ripley 1976, 1981), the pair-correlation function (Stoyan &

Stoyan 1994; Illian 

 

et al

 

. 2008), or the distribution function of

nearest-neighbour (NN) distances (Diggle 2003) quantify the

small-scale spatial correlation structure of a pattern which

contains information on the positive or negative type of

interaction among plants. In addition, point pattern analysis

is ideally suited to control for environmental heterogeneity

and to focus on neighbourhood processes. For example, inho-

mogeneous variants of the 

 

K

 

- or pair-correlation functions

consider first-order effects such as environmental heterogeneity

and quantify second-order effects caused by, for example

direct plant–plant interaction. Thus, controlling for site-specific

heterogeneities, it is possible to directly compare second-order

effects of  sites that differ in environmental heterogeneity.

Differences in second-order effects between sites indicate

feedbacks between heterogeneity and demographic processes.

To undertake a heuristic example study on how environ-

mental heterogeneity influences the spatial patterns and the

demographics of  plant communities, we performed com-

parative analyses of two old-growth stands both dominated

by shade-intolerant pioneer Douglas-fir (

 

Pseudotsuga menziesii

 

var. 

 

menziesii

 

 [Mirb.] Franco), and the shade-tolerant species,

western hemlock (

 

Tsuga heterophylla

 

 [Raf.] Sarg.) and

western redcedar (

 

Thuja plicata

 

 Donn ex D. Don). The stands

were located in north and south environmental conditions in

the Greater Victoria Watershed, on southern Vancouver Island.

At large-scales, the old-growth north (OG-N; Fig. 1) plot showed

homogeneous environmental conditions and mature adult trees

were randomly distributed. Consequently, possible regenera-

tion sites for our main study species, western hemlock, were

scattered over the entire plot. In contrast, the old-growth

south (OG-S; Fig. 2) plot showed large-scale habitat hetero-

geneity and some edaphic gaps (e.g. rock outcrops or wet

drainage sites) prevented tree growth. In this plot, canopy cover

of mature adult trees was clumped and possible regeneration

sites for western hemlock were spatially more aggregated.

In this study, we used point pattern analyses to examine

how the different site characteristics affect the successional

dynamics of western hemlock, its spatial pattern formation,

and its demographic change from seedlings to small and large

saplings, and to adult trees at the two plots. We divided the

spatial analyses into four parts. In a first analysis we tested

our basic hypothesis that the environmental conditions of the

OG-N and OG-S plots were indeed homogeneous and

heterogeneous, respectively. In a second analysis we corrected

for heterogeneity and compared the strength of clustering

among size classes and between corresponding size classes of

the two plots. Comparison of clustering among size classes

explores whether and at which life stage self-thinning occurs

(Moeur 1997), whereas comparison between sites investigates

whether heterogeneity has only proportional effects on popu-

lation dynamics or if  feedback effects between heterogeneity

and demographic processes may be present. Third, to obtain

(indirect) evidence for small-scale limitation in seedling

establishment and/or dispersal characteristics between the

two sites, we quantified the distribution of NN distances for

adult trees and seedlings to the nearest adult. Finally, we used

a random-labelling null model (Diggle & Chetwynd 1991) to

quantify changes in the spatial structure of subsequent age

classes and to compare them between the two sites. This

allowed us to explore possible mutual effects of density-

dependent thinning and of patchy regeneration sites on the

pattern of different size classes. The four analyses and respective

hypotheses are summarized in Table 1.

 

Methods

 

SPECIES

 

The native range of western hemlock is the Pacific coast between

northern California and southern Alaska, but it also prevails in the



 

Heterogeneity influences forest patterns

 

809

 

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, 

 

Journal of Ecology

 

, 

 

96

 

, 807–820

northern Rocky Mountains. As a shade-tolerant late-successional

species, western hemlock is the primary successor in Douglas-fir forest

and it colonizes the post-fire habitats after mortality of pioneer

Douglas-fir opens up canopy gaps (Huff 1995). Although western

hemlock has clustered regeneration within these gaps (He & Duncan

2000; Getzin 

 

et al

 

. 2006) seedlings can also grow in relatively

large numbers under partial or full canopy (LePage 

 

et al

 

. 2000;

Coates 2002). Western hemlock usually produces more seeds

than most associated tree species (up to 19.8 million seeds per ha

have been recorded; Burns & Honkala 1990). Two-year-old

seedlings are usually < 20 cm tall, but once established, seedlings

in full light may have an annual growth rate of 60 cm (Burns &

Honkala 1990).

 

STUDY

 

 

 

AREA

 

 

 

AND

 

 

 

DATA

 

 

 

COLLECTION

 

We studied western hemlock in two old-growth stands of Douglas-fir

on south-eastern Vancouver Island. Both stands originated from

catastrophic wildfires. The OG-N stand (48

 

°

 

38

 

′ 

 

N, 123

 

°

 

43

 

′

 

 W) had

an age of 325 years and average Douglas-fir d.b.h. (diameter at breast

height) of 43.0 cm. This plot on a 40% WSW slope had large-scale

homogeneous habitat conditions with Douglas-fir being apparently

evenly spaced over the entire study region (Fig. 1). The plot was at

465 m elevation and had a straight surface profile. The soil was an

Orthic Humo-Ferric Podzol with fine-silty and loamy family particle

size classes (Trofymow 

 

et al

 

. 1997; He & Duncan 2000).

The OG-S stand (48

 

°

 

33

 

′

 

 N, 123

 

°

 

38

 

′

 

 W) had an age of 254 years

and average Douglas-fir d.b.h. of 52.2 cm. This plot on a 40% NNE

slope was influenced by large-scale habitat heterogeneity such as

edaphic gaps (e.g. rock outcrops or wet drainage sites) with

Douglas-fir growing in spatially restricted aggregations (Fig. 2).

The plot was at 390 m elevation and had a straight surface profile.

The soil was a well-drained Orthic Dystric Brunisol overlain by a

mull-like moder humus form (Trofymow 

 

et al

 

. 1997; Getzin 

 

et al

 

. 2006).

Data were collected on plots 0.9 ha (OG-N) and 0.7 ha (OG-S) in

size. Data from British Columbia on the dispersal kernels of western

hemlock indicate mean dispersal distances of less than 20 m in

old-growth (LePage 

 

et al

 

. 2000). The plot sizes are therefore appropriate

to capture processes related with recruitment kernels. All dead and

live trees, and seedlings were stem-mapped. D.b.h. was measured at

1.4 m above-ground. Including live and dead trees, we classified

western hemlock into four basic size classes: (1) ‘seedlings’ below a

height of 1.4 m, hence having no measured d.b.h., (2) ‘small

saplings’ with d.b.h. < 5 cm, (3) ‘large saplings’ with d.b.h. ranging

from 5 to 

 

<

 

 10 cm, and (4) ‘adult trees’ with d.b.h. 

 

≥

 

 10 cm. We have

chosen d.b.h. 

 

≥

 

 10 cm for adult hemlock because regular cone

production begins at a relatively young adult age of 25–30 years

(Burns & Honkala 1990) and because this cut-off provided enough

spatial data for adequate statistical comparisons between the largest

and smaller size classes. However, for the purpose of describing

large-scale variation in habitat quality (see next section for details)

we defined an extra size class of ‘all mature adult trees’, consisting

Fig. 1. Western hemlock in old-growth north (OG-N). (a) Spatial distributions of seedlings (black dots), small and large saplings (grey dots),

and adult trees (open circles). (b) Prevailing canopy cover of all other trees, being mainly Douglas-fir (light grey circles) and western hemlock

(dark grey circles), represented by circles with a radius proportionally to the d.b.h. of the trees, shown together with western hemlock seedlings

(black dots). (c) Spatial distribution of stems of all mature adult trees in the plot with a d.b.h. ≥ 15 cm. The unit of (x,y)-axes is meters.
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of individuals of all species with d.b.h. 

 

≥

 

 15 cm (LePage 

 

et al

 

. 2000).

Mature adult trees were dominated by the following species: 78.1%

Douglas-fir, 9.5% western hemlock, 12.3% western redcedar in

OG-N but 33.8% Douglas-fir, 47.0% western hemlock, and 16.0%

western redcedar in OG-S.

 

SPATIAL

 

 

 

PATTERN

 

 

 

ANALYSIS

 

Homogeneous and inhomogeneous second-order 

statistics

 

We used the pair-correlation function and a transformation of

Ripley’s 

 

K

 

-function to analyse the spatial pattern of tree distributions

(Ripley 1976; Stoyan & Stoyan 1994; Illian 

 

et al

 

. 2008). For approx-

imately homogeneous patterns, the bivariate 

 

K

 

-function 

 

K

 

12

 

(

 

r

 

) is

defined as the expected number of type 2 points within distance 

 

r

 

 of

an arbitrary type 1 point, divided by the intensity 

 

λ

 

2

 

 of pattern 2.

The bivariate pair-correlation function 

 

g

 

12

 

(

 

r

 

) is related to the

derivative of the 

 

K

 

-function, i.e. 

 

g

 

12

 

(

 

r

 

) = 

 

K

 

′

 

12

 

 (

 

r

 

)/(2

 

π

 

r

 

) (Illian 

 

et al

 

.

2008). Due to its non-cumulative properties, 

 

g

 

(

 

r

 

) is recommended

for exploratory data analysis to identify specific scales of deviation

from a null model (Wiegand & Moloney 2004; Perry 

 

et al

 

. 2006;

Illian 

 

et al

 

. 2008). For ease of visual interpretation, we used the

square root transformed 

 

K

 

-function 

 

L

 

(

 

r

 

) = (

 

K

 

(

 

r

 

)/

 

π

 

)

 

0.5

 

 – 

 

r

 

, known as

 

L

 

-function (Besag 1977).

To construct inhomogeneous second-order statistics to account

for spatial heterogeneity at the OG-S plot, the ‘thinning approach’

of Baddeley 

 

et al

 

. (2000) was used. For the construction of inhomo-

geneous 

 

K

 

- and 

 

g

 

-functions, the assumption is made that the observed

point pattern resulted from a two-step process, where an initially

homogeneous pattern was independently thinned by an inhomogeneous

thinning surface (Baddeley 

 

et al

 

. 2000). The thinning surface 

 

λ

 

(

 

x

 

)

which describes the environmental heterogeneity is proportional to

the intensity of the two-step process and depends on location 

 

x

 

. This

approach is appropriate because at this plot, heterogeneity appears

to mainly reduce establishment success and to increase mortality in

areas of lower habitat suitability (Fig. 2). In the OG-S study plot,

spatial variations in habitat quality were related to rock outcrops or

wet drainage sites.

If one point of the final heterogeneous pattern was located at

location 

 

x

 

, we may expect on average 1/

 

λ

 

(

 

x

 

) points for the initial,

pre-thinning homogeneous pattern at this location. Thus, the

inhomogeneous 

 

K

 

- and 

 

g

 

-functions may be estimated analogously

to homogeneous 

 

K

 

- and 

 

g

 

-functions, but by weighting each data

point by 1/

 

λ

 

(

 

x

 

). Details on the estimators of the inhomogeneous

functions are given in the Appendix S1 in the Supplementary

Material.

Although theoretically appealing, the problem with inhomogeneous

 

K

 

- and 

 

g

 

-functions is that the thinning surface is in general not

known and using an estimate of the intensity of the pattern itself as

the thinning surface is problematic because in this case, both first-

and second-order properties have to be determined from the same

pattern simultaneously (Baddeley et al. 2000; Diggle 2003). This

problem can be solved by using additional information (Diggle et al.

2007; cf. Analysis 1 below for our solution).

BIOLOGICAL  HYPOTHESES  AND  NULL  MODELS

Analysis 1: Environmental heterogeneity

The basic hypothesis of Analysis 1 is that environmental conditions

are homogeneous at the OG-N plot and heterogeneous at the OG-S

Fig. 2. Western hemlock in old-growth south

(OG-S). (a), (b), (c) as in Fig. 1. (d) The intensity

function of the distribution of all mature adult

trees, normalized between 0 and 1, and estimated

using an Epanechnikov kernel with bandwidth

15 m. The unit of (x,y)-axes is meters.
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plot. To describe the environmental heterogeneity and to determine

an appropriate thinning surface for Analysis 2, we used biological

arguments and additional information provided by the spatial

pattern of ‘all mature adult trees’ in the plots with d.b.h. ≥ 15 cm

(Figs 1c, 2c). Our assumption was that the large-scale intensity (i.e.

above the scale of direct tree–tree interactions) of all mature adult

trees of all species should be a good indicator of environmentally

driven habitat quality, e.g. caused by rock outcrops or wet drainage

sites because mature trees have undergone excessive thinning and

are expected to have exploited all available sites. By using the

mature adult trees of all species, we captured strong environmental

habitat factors common to all species.

Before constructing a thinning surface it should be confirmed that

the pattern is heterogeneous. Clustering and heterogeneity cannot

be distinguished statistically without additional biological informa-

tion (Diggle 2003). In plant communities, large-scale aggregation is

usually attributed to environmental heterogeneity, whereas small-

scale clustering is attributed to plant–plant interactions (Wiegand

et al. 2007a). Large-scale heterogeneity causes locally elevated tree

densities leading to a weak increase of the pair-correlation function

and strong increase of the L-function at larger scales (Wiegand &

Moloney 2004). Although homogeneity and CSR are different

concepts, significant deviation of a pattern from a homogeneous

Poisson process (CSR) at scales r > 10 m beyond direct tree–tree

interaction (Stoyan & Penttinen 2000) is usually interpreted as

environmental heterogeneity.

In this study, significant departure from CSR was evaluated using

the 5th-lowest and 5th-highest value of 999 Monte Carlo simulations

to generate approximately 99% simulation envelopes. In case that

CSR was rejected at scales > 10 m, we used a nonparametric method

to estimate the intensity λ(x) of the spatial distribution of the

mature adult trees which combines a moving window estimator with

an Epanechnikov kernel (for details see e.g. Stoyan & Stoyan 1994;

Wiegand et al. 2007a, and Appendix S1).

Analysis 2: Strength of  clustering of  different size classes

Western hemlock is typically clustered (He & Duncan 2000; Getzin

et al. 2006) and the clustering is expected to decline with increasing

size class due to self-thinning (Moeur 1997). Therefore, we described

the spatial patterns for four different life-history stages (seedlings to

adults, cf. Table 2) using pair-correlation functions. The aim was to

compare the species-specific spatial correlation structure of individuals

of a given size class (i.e. strength of clustering) between homogeneous

and heterogeneous site conditions without the confounding effect of

environmental heterogeneity. To this end we used homogeneous

Table 1. Main hypotheses, applied point pattern analyses, and related figures of this study

Hypotheses Point pattern analyses/null models Related figures

(1)

The spatial distribution of trees in old-growth south 

(OG-S) is affected by large-scale environmental 

heterogeneity but not in old-growth north (OG-N).

Pair-correlation function, L-function, and null-model 

‘complete spatial randomness’ applied to ‘all mature adult 

trees’ in a plot.

Fig. 4

(2)

The strength of clustering of all four size classes 

from seedlings to hemlock adults is different in OG-N 

and OG-S, even after having statistically corrected 

for the pure effects from heterogeneity.

Homogeneous g-function applied to each size class in 

OG-N. Inhomogeneous g-function applied in OG-S, 

based on the thinning surface of ‘all mature adult trees’. 

No null model.

Fig. 5

(3)

The relative concentration of seedlings near adults is 

greater than that of adults at small neighbourhood 

distances due to clustered establishment of seedlings.

Bivariate distribution function of nearest-neighbour 

distances of adults around seedlings compared to the 

univariate function of adults around adults. No null model.

Fig. 6

(4)

a) Under homogeneous and heterogeneous 

environmental conditions, adult hemlock and 

smaller size classes similarly exploit the spatially 

available habitat.

Bivariate random labelling within a case-control 

design as null model: 1 = control = adults, 

2 = cases = seedlings, small, or large saplings.

a) If  g12(r) – g11(r) ≈ 0, cases and controls follow the same 

overall pattern, relative to the ‘first-order’ environmental 

conditions.

b) If  g21(r) – g22(r) << 0, an additional clustering mechanism 

of cases occurs, independent of the control pattern.

Figs 7 and 8

b) Smaller size classes show an additional clustering. 

The additional clustering declines with increasing 

size class, indicating density-dependent thinning. 

The strength in density-dependent thinning is 

different in OG-N and OG-S.

Table 2. Composition of different size classes of western hemlock in homogeneous (OG-N) and heterogeneous (OG-S) study areas.

NN = nearest neighbour

Plot

Number of individuals Mean d.b.h. (cm) Median NN distance (m)

OG-N OG-S OG-N OG-S OG-N OG-S

Seedlings 155 382 – – 1.37 0.31

Small saplings, d.b.h. < 5 cm 443 193 2.8 1.9 1.20 0.89

Large saplings, d.b.h. 5 to < 10 cm 251 120 7.0 7.1 1.92 2.42

Adults, d.b.h. ≥ 10 cm 101 234 18.4 18.1 3.34 2.09
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g-functions for homogeneous site conditions and inhomogeneous

g-functions based on the thinning surface of the locations of all

mature adult trees for heterogeneous conditions.

The inhomogeneous pair-correlation function assumes pro-

portional effects of habitat suitability on tree density. Thus, if the

homogeneous pair-correlation functions of the homogenous site are

similar to its inhomogeneous counterpart at the heterogeneous site

no feedback between heterogeneity and neighbourhood processes

occurs. However, strong differences provide evidence for feedback

effects between heterogeneity and demographic processes.

Analysis 3: Seedling to adult relationship

We used the bivariate distribution function G12(y) of NN distances

y to describe the relationship between seedlings (pattern 1) and adult

trees (pattern 2), and the univariate distribution function G22(y) to

describe the relationship among adults (pattern 2). While pair-

correlation functions are based on all tree–tree distances, the

G(y)-functions are ‘short-sighted’ and consider only the distances to

the nearest neighbour (Illian et al. 2008). This property, however, is

important when exploring dispersal characteristics because here the

distances between seedlings and their nearest adult (i.e. the potential

parent tree) are of interest.

The bivariate G12(y) was compared to the univariate distribution

G22(y) to assess the relative concentration of seedlings and adults in

OG-N and OG-S. Similar distributions G12(y) and G22(y) mean that

adults are not more frequent around seedlings than adults around

adults. This analysis is particularly sensitive to small-scale differences

between the two plots because it is based on a straightforward

interpretation of immediate neighbourhood relations. For example,

infrequent small-scale distances of adults around seedlings (both

western hemlock) under the dense canopy of dominant pioneer

Douglas-fir would indicate overall establishment limitation due to

abiotic or biotic constraints. In contrast, frequent small-scale seedling-

adult distances may indicate overall more suitable light conditions

for establishment in the neighbourhood of adults.

Analysis 4: Density-dependent thinning

As trees within clusters increase in size, density-dependent com-

petition and also pathogen effects result in mortality which thins the

clusters and increases the distances between neighbouring trees.

This process is observed from the smallest seedlings to the largest

overstorey trees (Moeur 1997).

We applied the random-labelling null model within a case-control

design to estimate the mutual effects of density-dependent thinning

and of the availability of regeneration sites within suitable habitat

on the pattern of different size classes. Case-control is a commonly

used epidemiological design to study the spread of disease cases

(Diggle & Chetwynd 1991; Gatrell et al. 1996) where the control

pattern is necessary to account for possible environmental heterogeneity

in the population at risk. If the cases do not show any additional

pattern to that of the controls, the random-labelling null model

applies, that is the cases are a random subset of the joined pattern of

cases and controls.

We used the adult class of western hemlock with d.b.h. ≥ 10 cm

(Burns & Honkala 1990) as ‘control’ because our working hypothesis

is that the large-scale pattern of older trees reflects the underlying

heterogeneity (cf. Analysis 1, Results Analysis 2, Fig. 5b). We then

compared the ‘cases’ of smaller size classes relative to the ‘control’

pattern of adult trees. A decline in clustering with increasing size

class reflects self-thinning and the strength of this decline relative to

the ‘control’ pattern reflects the strength of density-dependent

thinning.

The g-functions are invariant under random thinning, hence under

random labelling we would expect g12(r) = g21(r) = g11(r) = g22(r).

Departure from bivariate random labelling is assessed by using the

differences g12(r) – g11(r) and g21(r) – g22(r) as test statistics (Getzin

et al. 2006). With control = pattern 1 = adults and case = pattern 2,

a value of g12(r) – g11(r) ≈ 0 means that, for example seedling cases

surround adult trees at scale r in the same way as adults surround

adults. Hence, both life-history stages exploit the spatially available

habitat at these scales in a similar way. However, if there would be

additional clustering within the cases that is independent from the

control pattern of adults (e.g. larger gaps with suitable conditions for

seedling establishment and survival), this would not be noticed by the

test statistic g12(r) – g11(r), but we would expect g21(r) – g22(r) << 0.

Thus, g12(r) – g11(r) reveals if cases and adults follow the same overall

pattern and g21(r) – g22(r) reveals if there is an additional pattern

within the cases that is independent from the location of the adult

pattern, irrespective of whether heterogeneity is present or not

(Getzin et al. 2006; Watson et al. 2007).

The analysis was done by computing the test statistics from the

observed data then randomly re-sampling sets of n2 cases from the

joined pattern of n2 case and n1 control trees to generate the

simulation envelopes. Significant departure from random labelling

was evaluated using the 5th-lowest and 5th-highest value of 999

Monte Carlo simulations to generate approximately 99% simulation

envelopes.

To complement the random-labelling analysis, we also applied

the mark-connection function p12(r) as test statistic (Gavrikov &

Stoyan 1995; Illian et al. 2008). The mark-connection function p12(r)

was estimated as

using the identity g(r) = [λ1λ1g11(r) + λ1λ2g12 + λ2λ1g21(r) + λ2λ2g22(r)]/

[λ1 + λ2]
2. The function p12(r) can be interpreted as the conditional

probability that of two arbitrarily chosen points of the joined case

and control pattern, the first is a control (adult, pattern 1) and the

second a case (pattern 2), given that both trees are separated by dis-

tance r. Note that the estimator of p12(r) involves division by g(r) and

that g(r) is the expectation of the test statistics g12(r) under random

labelling. Therefore, possible large-scale heterogeneity in the joined

pattern of cases and controls is factored out and p12(r) compares the

‘pure’ effects of tree–tree interactions to random labelling. The p12(r)

is not invariant under random thinning and thus contains information

about the absolute clustering of cases around controls (adults). This

function can be seen as a modern counterpart of Pielou’s segregation

index (Pielou 1961).

All point pattern analyses were done using the grid-based software

Programita (Wiegand & Moloney 2004). A summary of the applied

spatial statistics of Analyses 1–4 is given in Table 1.

Results

COMPOSIT ION  OF  LIFE-HISTORY  STAGES ,  MORTALITY  

AND  D .B .H .  DISTRIBUTION

In the homogeneous OG-N plot, hemlock seedlings were

less numerous and less dense than seedlings in the heter-

ogeneous OG-S plot (Table 2). The median NN distance

between trees in a size class increased overall 2.4-fold

p
g r

g r
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1 2

1 2
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12  
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from seedlings to adults in OG-N but 6.7-fold in OG-S,

indicating overall stronger thinning effects under heter-

ogeneous conditions (Table 2). With 234 individuals, adult

trees were more numerous and denser in OG-S than the 101

adults in OG-N.

In both plots, mortality of western hemlock was highest in

the sapling stages (Fig. 3a). Probably due to limited light

under small gaps, seedling mortality was high in OG-N

(50.3%). In contrast we found low seedling mortality in

OG-S (13.6%), despite higher local seedling density. In OG-N,

mortality increased slightly for small saplings and declined

already for large saplings. However, in OG-S, mortality

strongly increased for small saplings, probably due to high

local densities and increasing competition experienced by

small saplings. Mortality further increased for large saplings

in OG-S. Adult mortality was 15.8% in OG-N and 37.2% in

OG-S (Fig. 3a).

The average d.b.h. of hemlock adult trees was 18.4 cm in

OG-N and 18.1 cm in OG-S (Table 2). Also, the d.b.h. distri-

butions of western hemlock adults were nearly equal in both

stands, although the OG-S plot was about 70 years younger

(Fig. 3b).

The d.b.h. distributions of all mature adult trees differed

substantially between both plots (Fig. 3c). At the OG-N plot,

the d.b.h. distribution had a strong peak at 50 cm d.b.h. and

a weaker peak at small diameters of 15 cm. In contrast, at the

OG-S plot, the bimodal distribution had an absolute peak at

15 cm d.b.h. and a much weaker peak at an intermediate size

of 80 cm. Probably due to the differences in site quality, trees

grew bigger in OG-S (up to d.b.h. = 160 cm) than in the

homogeneous OG-N plot.

ANALYSIS  1:  ENVIRONMENTAL  HETEROGENEITY

We compared the pattern of all mature adult trees in the plots

with d.b.h. ≥ 15 cm to the CSR null model to find out if  the

two plots showed large-scale heterogeneity or not (Fig. 4).

The L-function showed no large-scale departure from CSR at

the OG-N plot (Fig. 4a), but a clear departure at scales

r > 10 m at the OG-S plot (Fig. 4b). Also the g-function was

> 1 for large-scales at the OG-S plot. These findings provide

evidence that the OG-N plot shows large-scale homogeneity

while the OG-S plot exhibits large-scale heterogeneity. Due to

these contrasting results, we used the homogeneous and

inhomogeneous g-functions for the spatial pattern analysis at

the OG-N plot and OG-S plot, respectively.

The observed tendency to regularity at small scales was

expected and indicates inter-tree competition. At the OG-N

plot, significant regularity occurred up to scales of 1.5 m

(Fig. 4a), but otherwise the pair-correlation function

well-approximated the value g(r) = 1, a trend being expected

for a homogeneous pattern. At the OG-S plot, the tendency

to regularity was not significant (Fig. 4b).

ANALYSIS  2:  STRENGTH  OF  CLUSTERING  OF  

DIFFERENT  SIZE  CLASSES

In both plots the strength of clustering declined systemati-

cally from seedlings to adult hemlock (Fig. 5) as expected

from the self-thinning hypothesis. However, between the two

plots, there were marked differences in the strength and the

range of clustering (cf. Fig. 5a,b) which suggests joint effects

of heterogeneity and neighbourhood processes. The range of

clustering of seedlings and small saplings extended only up to

roughly 3 m in OG-N but up to 10 m in OG-S. The small-scale

clustering (e.g. at r = 0.5 m) of seedlings and small saplings

was over four times stronger in the OG-S plot (Fig. 5b)

Fig. 3.  (a) Mortality of western hemlock within separate life-history

stages in old-growth north (OG-N) and south (OG-S). (b) d.b.h.

distribution within hemlock adult trees (d.b.h. ≥ 10 cm) and (c) within

all mature adult trees (d.b.h. ≥ 15 cm) at the two plots.
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relative to the OG-N plot. While seedlings and small saplings

were strongly clustered at the heterogeneous OG-S plot, large

saplings (and adults) lost most of this clustering, thus sub-

stantiating the finding of peak mortality in the large sapling

class at this heterogeneous plot (Fig. 3c).

Our results show striking differences between both plots in

the spatial distribution of hemlock during the first establish-

ment phases due to synergetic effects between spatial habitat

structure and neighbourhood processes. This is because the

inhomogeneous pair-correlation function removed the ‘pure’

effects of habitat heterogeneity (i.e. proportional reduction in

establishment probability and mortality with lower habitat

suitability) on clustering. Our approach uses the spatial

pattern of all mature adult trees from all tree species in the

plot as a reference point for proportional effects of habitat

heterogeneity. If  no additional ‘niche effects’ of hemlock

occur, the inhomogeneous pair-correlation function of adult

hemlock trees should approach g(r) = 1 for all scales. Indeed,

this expectation was met (Fig. 5b). Thus, our assumption that

the locations of older trees could be used as surrogate for the

large-scale heterogeneity at the OG-S plot was valid.

ANALYSIS  3:  SEEDLING  TO  ADULT  RELATIONSHIP

At a small scale of 2 m radius in OG-N, the proportion of

adults having an adult as nearest neighbour was slightly

greater than that of seedlings having an adult as nearest

neighbour (Fig. 6a). In OG-N, the slightly less frequent 2 m

distance between seedlings and adults is most probably not

due to competition between seedlings and hemlock adults

Fig. 4. The pattern of all mature adult trees in a plot with a d.b.h. ≥ 15 cm, contrasted to the null model of complete spatial randomness (CSR),

using the homogeneous L-function (inset figure) and the homogeneous pair-correlation function. Approximately 99% simulation envelopes

(grey solid lines) were constructed using the 5th-lowest and 5th-highest value of 999 Monte Carlo simulations of the CSR null model.

Environmental heterogeneity is indicated by large-scale departure of the L-function from CSR (b).

Fig. 5. Comparison of the strength of clustering of different size classes of western hemlock using the homogeneous g-functions for OG-N (a) and

the inhomogeneous g-functions for OG-S (b). The inhomogeneous g-functions were constructed using the intensity of the positions of all mature

adult trees with d.b.h. ≥ 15 cm as thinning surface. Strong deviation from the proportional thinning effect of habitat suitability on tree density

indicates feedback effects between spatial habitat structure and demographic processes (i.e. seedlings and small saplings in OG-S).
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because seedling facilitation near parent trees is usually

expected due to the benefit from increased stem flow and

species-specific micro-site requirements (Hille Ris Lambers &

Clark 2003). The low seedling concentration relative to adults

in OG-N is probably caused by the out-shading canopy cover

of dominant Douglas-fir. Mature adults of Douglas-fir made

up nearly 80% of all mature adult trees in the plot and thereby

reduced seedling concentrations near the few adult hemlock

in the plot (cf. Fig. 1b).

In contrast, at distances of 2 m in OG-S the proportion of

seedlings having an adult nearest neighbour was almost

double than that of adults having an adult nearest neighbour

(Fig. 6b). However, the high small-scale seedling concentration

at the OG-S plot was probably caused by a patchy distribution

of regeneration sites due to larger canopy openings where

many seedlings were close to a few adult trees (Fig. 2b). At

large radii of 4–17 m, this patchy distribution of regeneration

sites caused a large proportion of adults to have no seedling in

their neighbourhood as can be seen by the constantly larger

proportion of adults around adults (Fig. 6b).

ANALYSIS  4:  DENSITY-DEPENDENT  THINNING

At the OG-N plot, the case-control analysis showed that the

distribution of seedlings around adult trees followed the same

overall pattern as adults relative to adult trees (Fig. 7a, inset

figure). The test statistic g12(r) – g11(r) did not differ significantly

from zero, indicating a spatially homogeneous mingling in the

distribution of seedlings and adults. Interestingly, also the

small and large saplings followed the same overall pattern

of the adult trees (Fig. 7b,c, inset figures). This demographic

pattern suggests a spatially homogeneous succession of

western hemlock throughout all life-history stages.

However, for seedlings at OG-N, the test statistic g21(r) – g22(r)

differed significantly, albeit slightly, from the random-

labelling null model at almost all scales (Fig. 7a, main figure),

indicating a weak additional clustering of  the seedlings

independent of the adult pattern (probably some smaller gaps

in the canopy). This weak additional clustering disappeared

for small saplings (Fig. 7b) and the large sapling stage also

shows virtually no additional clustering (Fig. 7c). This

indicates an early culmination in density-dependent mortality,

agreeing with the early decline in mortality already for the

large saplings in OG-N (cf. Fig. 3a).

Departures from random labelling were more obvious at

the heterogeneous OG-S plot. The test statistic g12(r) – g11(r)

again did not differ significantly from random labelling at

smaller scales (Fig. 7d, inset figure), which indicates that the

distribution of  seedlings around adult trees followed the

overall adult pattern in the plot. This finding also applies to

the small and large saplings (Fig. 7e,f, inset figures), but small

saplings showed at larger scales a weak additional clustering

independent of the pattern of adults.

However, for seedlings at OG-S, the test statistic g21(r) – g22(r)

revealed strong departures from random labelling pointing to

an aggregation mechanism of seedlings independent of the

adult pattern. Due to the availability of large, and thus favour-

able, gaps for establishment in OG-S (cf. Fig. 2b), there was a

very strong seedling–seedling clustering, independent from

the seedling-adult relation (Fig. 7d). In contrast to the OG-N

plot, this strong clustering persisted into the small sapling

stage (Fig. 7e), but disappeared in the large sapling stage

(Fig. 7f). This later culmination in density-dependent thinning

agrees with the late peak in mortality for large saplings in

OG-S (cf. Fig. 3a). The overall stronger decline in additional

clustering following density-dependent thinning also agrees

with the greater difference in mortality in OG-S, that is an

increase of about 32% from seedlings towards small saplings

(cf. Fig. 3a) and with the greater increase in NN distances

with increasing size class (cf. Table 2).

Fig. 6. Distribution of nearest-neighbour (NN) distances of seedlings to the nearest adult (potential parent) tree (filled circles) and of adults to

the nearest adult (open circles). Note that relative seedling concentrations were higher than adult concentrations at small distances of  2 m

in OG-S but the opposite occurred under the low light resources in OG-N.
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The complementary analyses using the mark-connection

function as test statistic supported this trend of Analysis 4.

For hemlock in OG-N, overall departures from random

labelling were not significant but adults and saplings showed

a tendency to attraction at small distances (Fig. 8a–c). However,

in OG-S strongly significant segregation was observed for

seedlings and small saplings. This is because seedlings and

small saplings were strongly aggregated and because many

adults had no seedling or small sapling in their neighbourhood

(Fig. 2a). Therefore, when randomly picking two trees with a

given distance r there was a high probability that both were

seedlings (or saplings) or that both were adults. However,

large saplings showed increased spatial mingling with the

distribution of adults (Fig. 8d–f).

Discussion

The overall goal of  our study was to find out if  and how

environmental heterogeneity may influence the spatial patterns

and the demographics of  tree species. In the simplest case,

heterogeneity would only modulate the density of trees by

introducing a proportional thinning to the spatial patterns

due to lower establishment success and higher mortality at

low quality sites. However, our study demonstrates that

habitat heterogeneity does influence the emerging spatial

patterns and demographics in a complex way, giving rise to

qualitatively different population dynamics under homoge-

neous and heterogeneous site conditions.

Our analyses provided a clear picture of the spatial structure

of  our study species under contrasting environmental

conditions. By comparing a homogeneous (OG-N) and an

inhomogeneous (OG-S) old-growth plot, we found that

large-scale environmental heterogeneity had clear effects on

the population dynamics of  western hemlock. A striking

finding is that successional dynamics under habitat heterogeneity

were faster as seen by the equal d.b.h. distribution and the equal

mean d.b.h. of hemlock adult trees in both plots, in combina-

tion with the considerable difference in stand age (325 years at

OG-N vs. 254 years at OG-S). Our detailed pattern analyses

shed some light on the basis of these demographic differences.

We used inhomogeneous pair-correlation functions to

factor out the ‘pure’ effect of heterogeneity (Analysis 2). The

analyses pointed to clear differences in the spatial clustering

of seedlings and saplings between the two sites which were

well-beyond the pure, proportional effect of heterogeneity. At

the heterogeneous OG-S plot, the strong clustering persisted

into the small sapling stage and its large range of about 10 m

radius indicates availability of larger gaps for establishment

(cf. Figs 2a, 5b). This spatial disposition and its consequences

for establishment, recruitment, and long-term survival had

cascading effects on the population structure in the heteroge-

neous OG-S plot.

Fig. 7. Case-control study of western hemlock where the larger-scale pattern of hemlock adult trees (pattern 1) serves as control pattern, which

corrects for possible heterogeneity in habitat quality. The test statistic g12(r) – g11(r) evaluates if  cases of a size class (seedlings, small, large

saplings; pattern 2) follow the adult pattern, both relative to the control (inset figure). If this is true, g12(r) – g11(r) ≈ 0. The test statistic g21(r) – g22(r)

evaluates if there is an additional clustering within a size class that is independent from the hemlock adult pattern. If this is true, g21(r) – g22(r) << 0.

The stronger the decline in additional clustering is the stronger is the density-dependent thinning. Approximately 99% simulation envelopes

(grey solid lines) were constructed using the 5th-lowest and 5th-highest value of 999 Monte Carlo simulations of the null model.
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Under the large canopy gaps in OG-S, seedling abundance

and survival were very high. These findings agree with other

studies and suggest that establishment in distinct tree-fall

gaps enhances initial survival of  hemlock whereas the

opposite occurs under more shady cover (Huff 1995; Moeur

1997; LePage et al. 2000). The relatively small canopy

openings at the homogeneous OG-N plot provided only weak

light conditions under the even spacing of pioneer Douglas-fir

(He & Duncan 2000). Thus, seedling survival was strongly

limited. This explains the high mortality and low density of

seedlings in OG-N and also the unexpected result that there

were less nearest neighbouring adults around seedlings than

adults around adults at the small-scale radius of 2 m (Analysis

3). Under the homogeneous canopy, seedling recruitment

into the next higher size class was affected relatively little by

competitive exclusion because density-dependent thinning

was weak and it culminated already in the small sapling stage

(Analysis 4). This explains the slight increase in mortality

towards small saplings and the decline in mortality already in

the large sapling stage (Fig. 3a). In short, the ‘seed-flooding

strategy’ of  western hemlock (Getzin et al. 2006) assured

sufficient seedling numbers even under homogeneous canopy

cover (LePage et al. 2000; Coates 2002), but seedling survival

and subsequent recruitment was rather abiotically determined

as a function of ‘lucky’ random arrival. Overall, succession in

OG-N was slow because, due to the low-light condition under

dense canopy of Douglas-fir, hemlock mainly relied on the

shade-tolerant strategy (He & Duncan 2000).

In contrast, strongly biotic feedback mechanisms operated

at the heterogeneous site. An increase in aggregation with

heterogeneity may elevate competition between individuals,

but this is outweighed by the initial benefit of  favourable

habitat association (North & Ovaskainen 2007). This explains

the high survival rate of  seedlings in the large gaps of  the

OG-S plot. However, once the number of individuals in a

given space is high, increased density-dependent mortality

and processes such as intraspecific competition, pathogen

transmission, or host-specific predation will change the

population structure of the cohort (Rees et al. 1996; Hille Ris

Lambers & Clark 2003). This change can simply cause an

overall quantitative decline in local density with increasing

size (Moeur 1997). We observed such quantitative changes

consistently in Analyses 2 and 4, showing decreased clustering

from seedlings to adults and strong density-dependent

mortality up to the large sapling stage.

However, a qualitative change in population structure with

significant consequences for the speed and intensity of

successional dynamics is also possible. We hypothesize that

the spatial distribution of resources itself  explains the overall

faster tree growth in OG-S as compared to OG-N. At the

homogeneous OG-N plot, spatial light availability was more

symmetrically intercepted by all mature adult trees, limiting

maximal sizes of individuals to < 100 cm d.b.h. In contrast, at

the 70 years younger heterogeneous plot, edaphic gaps

caused asymmetric light availability. This did not allow for

equilibrated competition but led to both more small and more

Fig. 8. The mark-connection function p12(r) describes the conditional probability that of two randomly selected points (belonging to the joined

pattern of adult hemlock and the pattern of a smaller size class) the first is an adult and the second a non-adult, given that they are separated

by distance r. Approximately 99% simulation envelopes (grey solid lines) were constructed using the 5th-lowest and 5th-highest value of 999

Monte Carlo simulations of the null model.
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large trees, allowing sizes up to 160 cm d.b.h. (Fig. 3c). For

this asymmetric competition, it is the amount and spatial

distribution of resource-acquiring organs, relative to the

directionality of light resources, that confers a competitive

advantage (Schenk 2006). Particularly in dense forests where

most of  the competition is for light, asymmetric access to

the light resource is disproportionately absorbed by taller

plants (Blair 2001).

According to Colasanti & Hunt (1997), symmetric ‘scramble’

competition will occur if  the resource is dispersed homo-

geneously and if individuals have equal access to the resource.

If the resource is spatially heterogeneous, ‘contest’ competition

can occur when the competitive interactions are mediated

indirectly through resources by physical occupation of space.

The individual that has most access to the resource is dis-

proportionately favoured in terms of growth. While in the

homogeneous plot ‘scramble’ competition led to a decline in

local density and regularly spaced pioneer Douglas-fir (He &

Duncan 2000), ‘contest’ competition in the heterogeneous

plot led to aggregated patterns of Douglas-fir (Getzin et al.

2006) and more clustered recruitment opportunities for

hemlock. For maturation over time, heterogeneous site

conditions and dense seedling clusters appear to be more

rewarding for the succession of hemlock since heavy seed

crops are produced at short intervals of  3–4 years while

Douglas-fir seed crops occur at irregular intervals of about

7 years (Burns & Honkala 1990). This could have given

hemlock a temporal advantage in the spatial occupation of

newly formed tree-fall gaps in OG-S. Our Analyses 3 and 4

support this hypothesis because seedlings and also small

saplings showed an independent large-scale distribution

that did not follow the pattern of adults. However, ultimately

large saplings and adult hemlock similarly exploited the

spatially heterogeneous habitat over all scales, which is

evidence for an overall successful colonization strategy

(Fig. 7c, inset).

An alternative, though not mutually exclusive, explanation

for the overall faster tree growth in OG-S is that local selection

pressures within heterogeneous environments may cause a

diversification in genetic response (Petit & Thompson 1998)

and the much stronger density-dependent mortality within

seedling clusters may select for ‘survival of the fittest’ (Paul

1988). For example, Donohue et al. (2000) have shown that

genetic variation to enable plastic response to changing plant

densities may be great in high resource patches where

responses are strongly mediated by light. For the excessive

small-scale clustering in OG-S, it is plausible that only the

fittest seedlings equipped with the ‘best set of genes’, for

example for resource acquirement, meristem allocation, or

pathogen resistance, will survive into the next larger size class.

This is because neighbouring seedlings are so tightly packed

that small-scale abiotic growth conditions are likely to be very

similar in the centres of  the clusters where usually most

seedlings occur. The genetic diversity and the amount of low

frequency alleles are most often greater in hemlock seedlings

than in their parent trees and this may allow for sufficient

variation in the genetic disposition of competing seedlings

(El-Kassaby et al. 2003). The higher heterozygosity in early

life stages is often linked to traits favourable to seedling

establishment or pathogen resistance. However, traits

advantageous to initial seed and seedling survival may have

a cost in terms of  growth for mature trees. Hence, after

successful establishment in dense seedling clusters, there is

probably a strong selection process to also grow faster to

survive into the next higher size classes.

This mechanism could be an alternative explanation for the

accelerated succession with faster growing adult trees in the

heterogeneous plot. In contrast, in the homogeneous OG-N

plot, the more abiotically determined survivors rather

represent a random subset of a gene pool and not necessarily

the fittest individuals. In this case, even the less fit individuals

may survive as long as they were ‘lucky’ to reach a suitable gap

of sufficient size (den Boer 1999). However, examination of

such hypotheses by linking spatial pattern analysis with

genetic analysis is required to reveal more directly the under-

lying processes of spatio-temporal selection (e.g. Stratton &

Bennington 1996; Jacquemyn et al. 2007).

Put into a greater context, our empirical findings from

comparisons between homogeneous and heterogeneous

environments in field conditions agree with model predictions

by Bolker & Pacala (1999). Although the cause of endogenous

spatial structure was more due to biotic than to abiotic

factors in their model, our results support their hypothesis

that population dynamics may be faster in heterogeneous

communities.

Conclusions

Most modern ecological research up to the 1990s has been

conducted under relatively homogeneous conditions to

eliminate environmental or ecological variability in space so

that ecological processes and relationships can be examined

without bias (Wiens 1999). We took advantage of  a unique

situation of having data of the same tree community under

both homogeneous and inhomogeneous conditions and used

advanced techniques of point pattern analysis to investigate

the influence of  heterogeneity on spatial patterns and

demographics in forest stands. Our approach is an elegant

way to use biological information from the locations of

mature trees as surrogate for environmental heterogeneity.

This approach is less labour-expensive than collecting abiotic

co-variables for large study regions and it can be followed in

forest research to investigate the effects of large-scale hetero-

geneity on spatial plant dynamics. We could demonstrate that

spatial habitat structures have not only a proportional effect

(i.e. introducing simply a thinning to the spatial patterns), but

can show cascading feedback effects where plant demographics

interact with spatial structure. This suggests that more

emphasis should be placed on investigating the role of spatial

heterogeneity in plant demographics and pattern formation.

Our results are encouraging and the approach taken here

could be widely applied to more deeply elucidate the role

of environmental heterogeneity in spatio-temporal plant

community dynamics.
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