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ABSTRACT

Using spatially explicit simulation models, we explored the extent to which fine-scale (i.e., meters to tens of 
meters) movement behaviors could be used to predict broader scale patterns of distribution on 
heterogeneous landscapes. Our models were tailored by empirical data on Calopterygid damselfly movements 
on three types of landscapes that differed in amount of forest habitat. Surveys of the two congeneric 
damselflies, Calopteryx aequabilis and Calopteryx maculata, demonstrated that both species occupied stream 
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and forest habitats on forested and partially forested landscapes, but were found primarily along streams 
on nonforested landscapes. Simulation models whose parameters were derived using empirical movement data 
for both species showed that fine-scale movement behaviors could be used to predict, on average, broader 
scale dispersion across a range of landscape structures, but that it was necessary to include information 
about broader scale landscape features in those models. In particular, the probability of crossing a patch 
boundary (patch boundary permeability) and the rate of movement in a given habitat patch (patch viscosity) 
were important determinants of damselfly dispersion on heterogeneous landscapes. In other words, our 
results suggest that damselfly dispersions may arise as a function of behavioral responses to spatial patterns 
at multiple scales. 

KEY WORDS: Calopteryx aequabilis, Calopteryx maculata, connectivity, damselflies, landscape 
structure, movement behaviors, multiscale dispersion, patch boundary permeability, patch 
viscosity, simulation model, spatial scale.

Published: October 3, 2000

INTRODUCTION

Exploring how animals move in response to the spatial structure of their environment is a critical step 
toward understanding the processes that determine spatial distributions and population dynamics. Various 
studies indicate that movement plays an important role in the spatial distribution and dynamics of many 
animal populations (Fahrig and Merriam 1985, Kareiva 1987, Fahrig and Paloheimo 1988, Turchin 1991, Hanski 
1994, Lele et al. 1998, Moilanen and Hanski 1998). At an individual level, the spatial and temporal scales of 
animal-heterogeneity interactions are dictated largely by an animal's movement behavior (Wiens and Milne 
1989, With et al. 1997) and perceptual ability (With 1994a, Lima and Zollner 1996, Zollner and Lima 
1997). Individual differences in movement behavior and/or perceptual ability may help determine whether or 
not populations persist when faced with the types of changes in spatial structure (e.g., Roitberg and Mangel 
1997) that arise from habitat loss or fragmentation. 

The ability of an animal to move through a landscape is referred to as "functional connectivity" (With et al. 
1999). The composition of habitats on a landscape, their spatial configuration, and the movement behavior of 
the animal are critical components of functional connectivity (Taylor et al. 1993, With et al. 1999). 
Functional connectivity can be summarized by two components of the interaction between animal movement 
and spatial structure: (1) "patch viscosity" (With 1994b, Wiens et al. 1997), or the rate at which an animal 
moves through a given habitat patch, and (2) "patch boundary permeability" (Stamps et al. 1987, Wiens 1997, 
Wiens et al. 1997, Jonsen and Taylor 2000), which is the probability that an animal will cross a boundary 
between two different habitats. Although both these concepts are by definition patch-based, recent empirical 
work (Wiens et al. 1997, Jonsen and Taylor 2000) indicates that both within-patch rates of movement and 
decisions to cross patch boundaries are affected by the total amount of suitable habitat on the landscape (i.e., 
"patch context" as defined by Wiens et al. 1997). This suggests that there is a multiscale component to both 
patch viscosity and patch boundary permeability. In other words, for at least some animals, fine-scale 
movements arise from responses both to internal patch characteristics and to broader scale landscape characteristics. 

In this study, we compared the spatiotemporal distributions between stream and forest habitats of two species 
of Calopterygid damselfly (Odonata:Calopterygidae), Calopteryx aequabilis Say and C. maculata (P. de 
Beauvois) (Appendix 1), on three types of landscapes that differed in amount of forest habitat. Both species 
require streams for naiad development and breeding, and often forage in forests. Although both species 
are nominally forest damselflies, we have observed them occupying streams on landscapes ranging from complete 
to little or no forest cover. Males defend oviposition sites along streams (Johnson 1962, Waage 1972) and mate 
with females at these sites (but see Forsyth and Montgomerie 1987). These breeding (streams) and foraging 
(forest) habitats are thus important focal resources, and both sexes of both species are capable of flying 
between stream and forest patches at least 700 m apart (Pither and Taylor 1998). 

Focusing strictly on patterns of distribution among stream and forest habitats, we derived two individual-
based, spatially explicit simulation models from empirical observations of damselfly movements (Jonsen and 
Taylor 2000). We used these models to explore the extent to which C. aequabilis and C. maculata dispersions 
on heterogeneous landscapes arose as the aggregate of individual fine-scale (i.e., meters to tens of 
meters) movement behaviors, and to determine the extent to which a broader scale feature of these 
landscapes (amount of forest habitat) may influence observed patterns of dispersion. Our simulation approach 
was analogous to those of other individual-based simulations that have explored the interactions between 
spatial structure and animal movement (e.g., Odendaal et al. 1989, Johnson et al. 1992, With and Crist 1995, 
1996, Gustafson and Gardner 1996, Schippers et al. 1996, Schumaker 1996, With et al. 1997). We built on 
the modeling approaches used in these studies by conducting simulations of damselfly movement on 
digitized representations of real landscapes, using empirically observed movement data and testing model 
predictions with empirically observed distribution data. 
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The patterns of distribution we explored were not broad-scale equilibrium patterns of population distribution 

but rather meso-scale (i.e., landscape-scale, here 1 km2 in extent), daily distributions of damselflies on 
landscapes that differed in amount of forest habitat. Although not an explicit test of the link between 
individual movements and population distribution, our study nevertheless explored the interaction between fine-
scale movement and spatial structure and its effect on broader scale distribution. 

METHODS

Study landscapes 

Our study was conducted in the Annapolis Valley region (45º 05' N, 64º 30' W) of Nova Scotia, Canada, from June 
to August 1996 (Fig. 1). Throughout the region, populations of both species occur along streams that flow 
through forest and also through agricultural land (mainly pasture). In some areas, anthropogenic activity has 
altered the landscape by replacing forest with novel habitat (e.g., the light-colored urban and farmland areas in 
Fig. 1). On landscapes dominated by forest, damselflies need not move far to access resources, because stream 
and forest habitats abut. On partially forested landscapes, patches of pasture separate stream and forest; 
on predominantly unforested landscapes, there is little or no forest available within the typical 
ecological neighborhoods (sensu Addicott et al. 1987) of foraging damselflies, i.e., about 500–750 m away 
from streams (Taylor and Merriam 1995, Pither and Taylor 1998). Thus, the composition and configuration 
(sensu Taylor et al. 1993) of forested, partially forested, and unforested landscapes differ. 

Fig. 1. False-color satellite image of the study region (Annapolis Valley, Nova Scotia, Canada). The 
forested North and South Mountains (medium and light green) bound the agricultural valley (diagonal 
band of white, pink, and light green). Water bodies are black. The 15 landscapes used in this study 
are indicated by yellow (forested), blue (partially forested), and red (nonforested) circles. All 15 
landscapes were used for surveys, and six (opaque circles), two in each level of forest cover, were used 
to collect movement data (Jonsen and Taylor 2000). Three landscapes (indicated by double circles), one 
in each level of forest cover, were used for model calibrations, and the remaining 12 were reserved to 
test model predictions. 
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We categorized the landscapes according to the proportion of forest within 500 m of streams using aerial photos 
(on a scale of 1:10,000) from the Nova Scotia Department of Natural Resources. Forested landscapes (FO) 
were deemed to consist of a stream flowing directly through continuous forest (the proportion of forest was 0.79 
± 0.04, mean ± 1 SD) (Fig. 2). Partially forested landscapes (PF) were those in which streams flow through 
pasture with moderate to large forest patches 50–500 m distant (the proportion of forest was 0.38 ± 0.09, mean ± 
1 SD) (Fig. 2). On nonforested landscapes (NF), streams flow through pasture with only a few small forest 
patches or, in one case, no forest at all within 500 m of the stream (the proportion of forest was 0.10 ± 0.03, 
mean ± 1 SD) (Fig. 2). Throughout this study, we refer to pasture as any nonforested, grassy, or crop habitat. 
In total, 15 landscapes were surveyed, five in each landscape category. For simulations, landscapes were 
digitized from aerial photos (on a scale of 1:10,000) at a resolution of 2 m/pixel, with an extent of 1000 m (or 
500 pixels) on each side, and were roughly centered on the portion of stream habitat used in empirical surveys 
(see Field surveys). 

Fig. 2. Examples of digitized landscapes in each landscape category. Note that all nonhabitat 
components are represented by pasture habitat (see Study landscapes). Digitized landscape dimensions 
are 500 x 500 pixels, representing 1000 x 1000 m, i.e., each pixel represents 2 m on a side. 

 

Field surveys 
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We sampled Calopteryx aequabilis and Calopteryx maculata populations on 120 x 10 m transects at streams and 
on 200 x 10 m transects in forest (50–500 m from the stream). We were not able to walk forest transects at 
the same distance from streams on all landscapes because of the unique dispersion of forest patches on 
each landscape. Each landscape was sampled by timed counts of damselflies present along stream and 
forest transects. All damselflies found along transects were identified and SEXed; the two species are 
easily distinguished and sexed at distances of up to about 10 m. (As in the preceding sentence, factors included 
in statistical models are presented in a SMALL CAPS font.) Transects in each RESOURCE (stream and forest) 
were walked at two of five different TIMEs of day on each individual LANDSCAPE in each of the MONTHs of July 
and August. Therefore, each LANDSCAPE category had two replicate LANDSCAPEs surveyed at each of the 
five TIMEs of day. The survey design was completely balanced by transect for these additional factors: 
LANDSCAPE, RESOURCE, TIME, and MONTH. 

We fit a log-linear model, i.e., a generalized linear model with Poisson errors (McCullagh and Neldar 1989), 
to damselfly counts. We modeled the effects of LANDSCAPE type, RESOURCE type, TIME of day, and SEX on 
the counts of C. aequabilis and C. maculata observed along the transects. The TIME and MONTH factors were 
both coded as ordinal factors. We fit MONTH to control for differences in counts of both species observed in July 
and August. For all statistical models, we set maximum Type I error rates to  = 0.10 and assessed effects 
according to biological importance. 

Simulation models 

Our simulations explored the extent to which landscape-scale dispersion was influenced by (1) patch viscosity 
and patch boundary permeability and (2) a broader scale feature of the landscape: amount of forest cover. 
Using empirical data from our damselfly system, we modeled patch viscosity as habitat-specific move lengths 
and turn angles and patch boundary permeability as the probability of moving away from streams. Our models 
were very simple, using only the bare minimum of parameters to predict patterns of distribution and ignoring 
many of the details of Calopteryx biology. We focused explicitly on previously observed interactions between 
fine-scale movement behavior and landscape structure (Jonsen and Taylor 2000), which enabled us to construct 
our models from parameters based on empirical data rather than educated guesses. 

We developed two models that were variations on a correlated random walk (CRW) process (Turchin 1998) 
with spatially varying movement parameters (e.g., Turchin 1991). To correspond closely to our empirical 
data, movements in these models were vector- rather than cell-based (see Appendix 2 and Appendix 4). 
By incorporating patch viscosity and patch boundary permeability in an iterative fashion, these models addressed 
our overall goal of determining the extent to which interactions between fine-scale movements and 
landscape structures translated into broader scale dispersion. We began with a simple model (VISCOSITY), in 
which movements were described by habitat-specific move lengths (M) and turn angles (T) that were drawn 
at random from empirically observed distributions for each habitat type. We used this model to determine if 
damselfly dispersions on heterogeneous landscapes arose solely as a function of spatial variation in movement 
rates (i.e., variation in patch viscosity among different habitat types). We then tested a more complex 
model (PERMEABILITY) that incorporated a patch boundary permeability parameter into the VISCOSITY 
framework. We used this second model to determine if it was necessary to include information about responses 
to patch boundaries to predict damselfly dispersions. See Appendix 3 for a summary of the features of each 
model and Appendix 2 and Appendix 4 for a more detailed explanation of model components. 

To further assess the effect of the interaction between movement and landscape structure on dispersion, we 
used different distributions of move lengths and probabilities of crossing a stream boundary for models run on 
each of the three landscape types. We show elsewhere (Jonsen and Taylor 2000) that the probabilities of crossing 
a stream boundary differ significantly among landscape types. Move length distributions for both species 
were significantly different among stream, pasture, and forest habitats, but were different only on FO 
landscapes when only stream move lengths on different landscape types were compared (Fig. 3). Turn-
angle distributions did not differ significantly among habitat types for either species, although circular 
histograms (Fig. 4) suggest that C. aequabilis reverses direction far more often in stream habitat than in forest 
or pasture. We varied the parameters related to move length and the probability of crossing a stream 
boundary among landscape types to determine if landscape-level distributions arose as the aggregate of fine-
scale movement responses to (1) the various configurations of stream, pasture, and forest habitats on landscapes, 
or (2) the various configurations of stream, pasture, and forest and the amount of forest habitat present on 
the different landscapes. We reasoned that, if landscape-level distributions arise simply as the aggregate of fine-
scale movement responses to the habitat types present and their unique spatial configurations among 
landscapes, then a simple model in which movement parameters vary among habitat types but not among 
landscape types should suffice. However, if damselflies also respond to the amount of suitable habitat present on 
a landscape, then a model that accounts for differences in fine-scale movements among different habitat types 
and among different landscape types may be required to predict dispersions adequately. 
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Fig. 3. Box plots of nonzero move length distributions for Calopteryx aequabilis and Calopteryx 
maculata observed in each habitat type (top row) and for stream move lengths observed on each 
landscape type (bottom row). The plots display the median value (white bar), interquartile range 
(box), range (whiskers), and outliers (empty circles). Numbers near the tops of panels indicate the 
number of 0-m move lengths for stream distributions. Relative sample sizes of nonzero move lengths 
are indicated by the width of the boxes. Boxes labeled with different letters are significantly different at α 
= 0.10 (Wilcoxon rank-sum tests). The abbreviations FO, PF, and NF stand for "forested," 
"partially forested," and "nonforested," respectively. 

 

Fig. 4. Circular histograms of turn-angle distributions for Calopteryx aequabilis and Calopteryx 
maculata observed in each habitat type. Note the different scales along the internal axes (frequency) 
among species and habitat type. We observed a greater number of turns in stream habitat than in 
either forest or pasture (see Methods). Kruskal-Wallis rank-sum tests did not detect any significant 
turn-angle differences among the three habitats for either species. 
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We varied movement parameters by separating probabilities of crossing stream boundaries (Pmv) and stream 

move length distributions (Mstm) according to landscape type. We had sufficient movement observations to 

separate move lengths and turn angles into habitat-specific distributions. However, because of limitations in 
our ability to track damselflies (see Jonsen and Taylor 2000), we did not have enough observations to 
further separate move lengths in pasture and forest or turn angles in all three habitats into landscape-
specific distributions. Thus, for the VISCOSITY model, we used two parameter sets: (1) "Basic," in which Mstm 

is invariant among landscape types, and (2) "Mstm," in which Mstm varies among landscape types. For 

the PERMEABILITY model, we used four parameter sets: (1) Basic, in which Mstm and Pmv are invariant 

among landscape types; (2) "Pmv," in which Pmv varies among landscape types, but Mstm does not; (3) "Mstm," 

in which Mstm varies among landscape types, but Pmv does not; and (4) "Both," in which both Pmv and Mstm 

vary among landscape types (see Appendix 2 and Appendix 3). 

Model evaluation 

The ability of the models to predict the proportions of each species in stream and forest habitats was evaluated 
by running each model 10 times for each parameter set on each of the digitized landscapes. We randomly 
selected three landscapes (one in each category) for model calibrations and reserved the remaining 12 for 
model evaluation. In total, 120 simulations were conducted for each parameter set: 240 runs for the 
VISCOSITY model (two parameter sets) and 480 runs for the PERMEABILITY model (four parameter sets). 
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We tested model predictions by calculating the percentage of error of each combination of model and parameter 
set when these were fit to observed proportions of damselflies along streams and in forest on each landscape. We 
set a cutoff value of ± 25% error; values within this range represent good agreement between simulated 
and observed data as per Turchin (1991). For brevity, we compared only predicted vs. observed results for 
stream habitat, because the proportion of damselflies occupying forest habitat was equal to one minus the 
proportion occupying stream habitat. 

Simulation experiment 

Focusing on C. maculata, we conducted a factorial experiment to determine how the model's ability to 
predict observed dispersions among different landscape types was affected by (1) increases in movement 
rates (Mpas) and persistence of direction (Tpas) in nonhabitat (pasture) relative to those in stream (Mstm, 

Tstm) and forest (Mfor, Tfor) habitats and (2) increases in patch boundary permeability (Pmv). In other words, 

we wanted to know how sensitive model predictions were to these two components of movement. To reduce 
the complexity of the experiment, we did not vary the M and T parameters independently in forest and 
pasture habitats. We used three levels of M and T and four levels of Pmv (see Table 1). We varied move 

length distributions in stream habitat (Mstm) and Pmv (first level only) among landscape types, whereas 

all distributions of turn angle and move length in forest (Mfor, Tfor) and pasture (Mpas, Tpas) habitats and 

the remaining three levels of Pmv were held constant among landscape types (Table 1). Move lengths 

were generated from exponential distributions (Mathsoft 1999), and turn angles from circular-normal 
distributions (Batschelet 1980). We graphically assessed the ability of the PERMEABILITY model to predict 
observed proportions of C. maculata across the three landscape types for all combinations of the M, T, and 
Pmv parameters. In all cases, we tested model predictions using our empirical distribution data. 

Table 1. Parameter values used in the simulation experiment. Move length values (Mstm, Mfor, Mpas) 

are mean distances (in meters) from exponential distributions. Turn-angle values are 
concentration parameters (Tstm, Tfor, Tpas) from circular-normal distributions with means = 0. Pmv 

values are probabilities of individual damselflies moving away from streams in a single time step. 
Simulations were run with each combination of M, T, and Pmv. To reduce complexity, the M and T 

parameters were not varied independently. Level refers to the different parameter values used in 
the experiments (three for M and T and four for Pmv). Level-2 M and T parameters approximate 

observed values for each habitat type. Level-1 Pmv parameters are the observed values for each 

landscape type: forested (FO), partially forested (PF), and nonforested (NF). 

 Stream Forest Pasture  

 Mstm Tstm Mfor Tfor Mpas Tpas Pmv 

Level FO PF NF      FO PF NF 

1 1 2 2 0.1 0.5 0.1 2 0.1 0.017 0.013 0.005 

2 2 5 3 0.2 1 0.2 20 1 0.05 0.05 0.05 

3 5 8 6 1 3 1 75 5 0.1 0.1 0.1 

4 ... ... ... ... ... ... ... ... 0.5 0.5 0.5 
 

RESULTS

Field surveys 

We observed 338 Calopteryx aequabilis (147 females, 191 males) and 289 Calopteryx maculata (126 females, 
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163 males) along transects. On counts of both species, the models showed significant interactions between 
the following pairs of factors: RESOURCE and SEX, RESOURCE and TIME, LANDSCAPE and TIME, 
and LANDSCAPE and RESOURCE (the boldface interaction terms in the first column of Table 2). 

Table 2. Analysis of deviance table. The response variables are the counts of Calopteryx aequabilis 
and Calopteryx maculata observed along transects. The models are log-linear models fit with a log link 
and Poisson errors. In the first column, significant interaction terms are written in boldface. P values 

are based on tests against 2 distributions. Trends among levels of factors in significant interactions 
are displayed in Fig. 5. 

  C. aequabilis  C. maculata  

Term df Deviance P Deviance P 

Null 239 730.98  666.18  

MONTH 1 7.74 0.005 8.12 0.004 

SEX 1 5.27 0.022 4.42 0.035 

TIME 4 37.56 <0.001 63.79 <0.001 

RESOURCE 1 274.52 <0.001 142.70 <0.001 

LANDSCAPE 2 81.73 <0.001 102.22 <0.001 

TIME x SEX  4 3.99 0.408 1.56 0.817 

RESOURCE x SEX  1 6.47 0.011 8.17 0.004 

RESOURCE x TIME  4 23.57 <0.001 51.98 <0.001 

LANDSCAPE x SEX  2 3.45 0.178 1.89 0.388 

LANDSCAPE x TIME  8 31.56 <0.001 14.60 0.068 

LANDSCAPE x RESOURCE  2 32.24 <0.001 42.92 <0.001 

RESOURCE x TIME x SEX  4 5.97 0.202 6.83 0.145 

LANDSCAPE x TIME x SEX  8 3.38 0.909 4.06 0.852 

LANDSCAPE x RESOURCE x SEX  2 4.10 0.129 0.02 0.988 

LANDSCAPE x RESOURCE x TIME  8 10.23 0.249 4.41 0.818 

LANDSCAPE x RESOURCE x TIME x 
SEX  

8 1.67 0.989 2.93 0.939 

Residual 179 197.54  205.56  
 

Both species were consistently more abundant along streams than in forest, but this relationship between 
focal RESOURCEs was modified by interactions with SEX and TIME of day (Table 2). Males were more 
abundant along streams, and females were slightly more abundant in forest (RESOURCE x SEX in Table 2 and Fig. 
5, A and E). This pattern was consistent across forested (FO) and partially forested (PF) landscapes (no 
LANDSCAPE x RESOURCE x SEX interaction in Table 2), but on nonforested (NF) landscapes only a single 
damselfly was ever found in forest (as previously stated, NF landscapes can contain a small amount of forest 
cover). Both species were generally most abundant in forest early (0700–0900) and late (1700–1900) in the 
day, which was also when they were least abundant along streams (RESOURCE x TIME in Table 2 and Fig. 5, B 
and F). This pattern was consistent among LANDSCAPEs (no LANDSCAPE x RESOURCE x TIME interaction in 
Table 2). 
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Fig. 5. Interaction plots of the mean counts of (A) Calopteryx aequabilis and (E) Calopteryx maculata 
in forest and stream resources, according to sex; (B) C. aequabilis and (F) C. maculata at different times 
of day, according to resource type; (C) C. aequabilis and (G) C. maculata at different times of day, 
according to landscape type; and (D) C. aequabilis and (H) C. maculata on forested (FO), partially 
forested (PF), and nonforested (NF) landscapes, according to resource type. Points indicate observed 
mean counts. Time periods are: I, 0700–0900; II, 0900–1100; III, 1100–1400; IV, 1400–1700; V, 
1700–1900. 

 

There was a distinct difference in the distribution of the two species among LANDSCAPEs. Both species had 
similar patterns of abundance throughout the day, but C. aequabilis was most abundant on NF and PF 
LANDSCAPEs, while C. maculata was most abundant on FO and PF LANDSCAPEs (Fig. 5, C and G). This pattern 
was more evident in the pattern of RESOURCE use on different landscapes (Fig. 5, D and H). Despite 
their preferences for opposite types of landscape structures, both species had similar patterns of RESOURCE 
use among the different LANDSCAPEs in that both were found along streams and in forest on FO and 
PF LANDSCAPEs, but neither tended to be found in forest on NF LANDSCAPEs (Fig. 5, D and H). 

Model evaluation 

The VISCOSITY model failed to predict observed patterns of distribution between stream and forest habitat on 
any landscape type (the Basic and Mstm parameter sets for the VISCOSITY model in Fig. 6). Although accounting 
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for the effect of landscape structure on rates of movement in stream habitat improved model predictions 
slightly (compare percentage of error values between Basic and Mstm parameter sets in the VISCOSITY model in 

Fig. 6), the mean percentage of error between predicted and observed proportions of damselflies in stream 
habitat exceeded 50% (in a negative direction) for both species. The VISCOSITY model consistently predicted 
that more damselflies would move away from streams than were observed based on our survey data. 

Fig. 6. Interaction plots of the percent error of the VISCOSITY and PERMEABILITY models (all 
parameter sets) fit to observed proportions of Calopteryx aequabilis and Calopteryx maculata along 
stream habitat, according to landscape type: forested (FO), partially forested (PF), and nonforested 
(NF). The parameter sets used for the two models are represented by the labels on the x-axis. For 
both models, the parameter sets differ with regard to the probability of moving off stream and/or 
variations in stream move lengths among landscape types: Basic, parameters are invariant among 
landscape types; Mstm, stream move length distributions vary among landscape types; Pmv, probabilities 

of moving off stream vary among landscape types; Both, both stream move length distributions 
and probabilities of moving off stream vary among landscape types. Data points are mean percentage 
of error ([predicted - observed]/observed x 100) of proportion of damselflies along streams, based on 
40 simulation runs per landscape type (10 per individual landscape). The horizontal dotted line 
indicates perfect agreement between predicted and observed data. The horizontal dashed lines indicate the 
± 25% cutoff between acceptable and poor model fit. Within- and among-landscape variation in model 
fits, best-fitting model(s) only, are presented in Fig. 7 (C. aequabilis) and Fig. 8 (C. maculata). 
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The addition of a stream boundary behavior to the PERMEABILITY model was, in most cases, a clear 
improvement over the VISCOSITY model (Fig. 6). However, accounting for effects of landscape structure 
on movement behavior produced mixed results for both species. For C. aequabilis, the Basic and Pmv parameter 

sets generated the model fit with the lowest percentage of error across all three landscapes types (the absolute 
value of percentage of error pooled among landscape types: 35.4 ± 18.1% , mean ± 1 SD for Basic; 27.2 ± 
24.4%, mean ± 1 SD for Pmv). The Basic parameter set generated adequate predictions on PF and NF 

landscapes, but not on FO landscapes, whereas the Pmv parameter set generated adequate predictions on FO and 

NF landscapes, but not on PF landscapes (Fig. 6). An examination of the variability in the percentage of error 
of model fit among replicate landscapes within a category indicated that the Pmv parameter set was a better fit 

to the observed data on FO and NF landscapes than was the Basic parameter set: model predictions on a 
greater number of replicate landscapes fell within the ± 25% range for the Pmv parameter set (Fig. 7). 

However, neither the Basic nor the Pmv parameter set adequately predicted damselfly distributions on PF 

landscapes, where model predictions on one replicate were vastly different from those on the other three 
replicates (top and bottom panels in the center of Fig. 7). 

Fig. 7. Box plots displaying the percentage of error between predicted and observed proportions 
of Calopteryx aequabilis along stream habitat on individual landscapes, for the Basic and Pmv parameter 

sets of the PERMEABILITY model. Individual boxes represent among-run variation in model fits on 
individual landscapes. Total variation among individual landscapes within a landscape type is represented 
by the blue box (Total) in each panel. The numbers along the x-axes are individual landscape 
designations. The plots display the median value (white bar), mean value (yellow diamond), 
interquartile range (box), range (whiskers), and outliers (bars). Yellow diamonds, blue boxes only, 
display mean percentage of error for comparison with Fig. 6. The horizontal dotted line through each 
panel indicates perfect agreement between predicted and observed data. Dashed lines indicate the ± 
25% cutoffs for acceptable model fit. Ten replicate runs were conducted for each individual landscape. 
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For C. maculata, the Both parameter set generated the model fit with the lowest percentage of error across all 
three landscape types (mean of absolute value of percentage of error pooled among landscape types: 19.7 ± 
15.2%, mean ± 1 SD) (Fig. 6). There was, however, considerable variability in the percentage of error of model 
fit among replicate landscapes within the FO (22.9 ± 14.3%, mean ± 1 SD) and PF (30.6 ± 11.7%, mean ± 1 
SD) landscape categories, but little variability among replicate NF landscapes (5.5 ± 4.7%, mean ± 1 SD) (Fig. 
8). The latter result reflects the very low observed probability (0.005) of damselflies leaving streams and 
hence locating and occupying the small amount of forest habitat present on some NF landscapes. 

Fig. 8. Box plots displaying the percentage of error between predicted and observed proportions 
of Calopteryx maculata along stream habitat on individual landscapes, for the Both parameter set of 
the PERMEABILITY model. Individual boxes represent among-run variation in model fits on forested 
(FO), partially forested (PF), and nonforested (NF) landscapes. Total variation among individual 
landscapes within a landscape type is represented by the blue box (Total) in each panel. The numbers 
along the x-axes are individual landscape designations. See Fig. 7 legend for a description of the box 
plot display. 
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Simulation experiment 

Using the PERMEABILITY model, we conducted an experiment to assess the relative importance of patch-
specific movement rates and stream boundary permeability (probability of moving off a stream) to C. 
maculata dispersion across a range of landscape structures. We were particularly interested in exploring 
how increased movement rates and directionality in pasture (relative to stream and forest habitats), in 
combination with various probabilities of moving off stream, would influence the ability of the PERMEABILITY 
model to predict observed distributions of C. maculata across the three landscape types. In other words, could 
the model generate adequate predictions with higher stream boundary permeabilities if patch-specific 
movement rates were altered? 

In general, our simulation experiment results indicated that both patch-specific rates of movement (M) and 
stream boundary permeability (Pmv) were important determinants of damselfly distribution between stream 

and forest habitat on heterogeneous landscapes (Fig. 9). When the probability of moving off stream was low 
to intermediate, the PERMEABILITY model predicted that a higher proportion of damselflies than the number 
actually observed would occupy stream habitat when movement rates and directionality were low in all three 
habitat types on FO and PF landscapes (Fig 9). However, when movement rates and directionality were moderately 
to substantially higher in pasture habitat, only the observed probability of moving off stream produced 
adequate model predictions (Fig. 9). As the probability of moving off stream increased, the model 
predicted progressively lower proportions of damselflies occupying stream habitat than were observed. In 
general, model predictions were closest to observed data at the empirically observed (lowest) value of Pmv (on 

each landscape type) combined with the low or intermediate values of Mstm (see Table 1 for movement 

parameter values). Predicted proportions of C. maculata along streams on NF landscapes were in close 
agreement with observed data for the lowest levels of M and T, regardless of the value of Pmv (Fig. 9). This result 

is a function of (1) low movement rates and directionality in all three habitats and (2) adjustments of 
predicted proportions of damselflies along streams for the number of damselflies occupying pasture. 
Damselflies moving at low rates and with little directionality generally were not able to locate the small amount 
of forest habitat on NF landscapes and consequently tended to occupy either stream or pasture habitat. Because 
we ignored damselflies occupying pasture when calculating proportions along streams (see Appendix 2), 
the proportion of damselflies along streams on NF landscapes was always near 1. 

Fig. 9. Interaction plots of the percentage of error between predicted and observed proportions 
of Calopteryx maculata along stream habitat for four levels of stream boundary permeability or probability 
of moving off stream (Pmv). Percentages of error are displayed according to levels of the move 

parameter (M) in stream (Mstm), forest (Mfor), and pasture (Mpas) and according to landscape 

type: forested (FO), partially forested (PF), and nonforested (NF). Note that only Mstm and Pmv 

parameters vary among landscape types. See Table 1 for turn concentration parameter (T) values for 
each habitat type. Simulated data are from the PERMEABILITY model. Data points are mean percentage 
of error ([predicted - observed]/observed × 100) based on four simulation runs per individual landscape 
for each combination of Pmv and M values. The horizontal dotted line across each panel indicates 

perfect agreement between simulated and empirical data. The horizontal dashed lines at ± 25% across 
each panel indicate the cutoff between acceptable and poor model fit. 
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DISCUSSION

Empirical distributions 

Because adult emergence occurs along streams for both species (Martin 1939, Johnson 1962), forest habitat is 
not occupied prior to the adult flight season. On partially forested landscapes, damselflies occupy both stream 
and forest habitats but do not appear to use other types of patches (Taylor and Merriam 1995), such as pasture 
or old fields. Because we know that both Calopteryx aequabilis and Calopteryx maculata are capable of moving 
from forest to stream through 700 m of forest or pasture (Pither and Taylor 1998), occupancy of forest habitat is 
an indication of movement between stream and forest. 

Males and females of both species are distributed slightly differently among stream and forest resources, 
and abundances in both resources and on different landscapes vary throughout the day. Presumably, differences 
in resource use among the sexes arise from trade-offs between maximizing reproductive success and energy 
intake (e.g., Anholt 1992). Males increase their reproductive success by maintaining territories along streams 
and thus forgo foraging for extended periods (Waage 1973, Corbet 1980), whereas females increase their 
fecundity by foraging for extended periods in forest to facilitate oogenesis (Anholt 1992, Richardson and Baker 
1997). Variation in abundance throughout the day may be a function of ambient temperature (e.g., Coxwell and 
Bock 1995, May 1995) or general behavioral patterns. 

The most striking difference between the two species is that they are most abundant on landscapes at 
opposite extremes of habitat cover. C. aequabilis is most abundant on nonforested landscapes but rare on 
forested landscapes, whereas the opposite is true for C. maculata. Neither species tends to occupy forest 
on nonforested landscapes, suggesting that they must either use novel resources or fulfill all their life-
history requirements solely along streams. Two results lend support to the latter conclusion: (1) neither species 
tends to move away from streams on nonforested landscapes (Jonsen and Taylor 2000) and (2) both species 
occupy pasture transiently on partially forested landscapes (Taylor and Merriam 1995; I. D. Jonsen, 
personal observation). That C. maculata is rare on nonforested landscapes suggests that it cannot fulfill all its 
life-history requirements solely along streams and thus requires forest as an obligate resource, whereas C. 
aequabilis may use forest as a facultative resource. Alternatively, a competitive interaction between the two 
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species, mediated by landscape structure, may limit the numbers of C. maculata on nonforested landscapes and 
C. aequabilis on forested landscapes. Another alternative is that between-species differences in adult 
distributions along a forest cover gradient may reflect the distribution of suitable habitats for their aquatic 
larval stages. However, we have no evidence to support or refute either of these alternate scenarios. 

Simulations 

The key result from our simulations is that damselfly landscape-level dispersions appear to arise from 
movement responses to both within-patch characteristics and to a broader scale feature of the landscape (i.
e., amount of forest habitat). If movements were simply responses to fine-scale habitat structure, then we 
would expect differences in patch mosaics to be the main factor influencing differences in broader scale 
dispersions among landscapes. If this were the case, our simulations would adequately predict damselfly 
dispersions without having to account for landscape-specific influences on fine-scale movement behaviors (i.e., 
the PERMEABILITY model using the Basic parameter set would suffice). However, our results suggest that 
dispersions can be predicted adequately only when both patch-specific and landscape-specific influences on fine-
scale movements are taken into account (the PERMEABILITY model using the Pmv parameter set for C. 

aequabilis and the Both parameter set for C. maculata). In other words, damselflies appear to perceive 
habitat structure at multiple spatial scales and respond by altering their fine-scale movement behavior. 

Another way of thinking about this multiscale effect of habitat characteristics on movement and dispersion is 
that animals may respond either "passively" or "actively" to landscape structure. A passive response occurs 
when animals perceive and respond only to within-patch and patch boundary stimuli. In this scenario, animals 
are blind to broader scale stimuli, and movement behaviors differ only among habitat patches of different 
types. Consequently, different movement patterns and dispersions will arise only on landscapes with 
sufficiently different types of habitats and/or spatial configurations (e.g., Gustafson and Gardner 1996). In 
contrast, an active response will occur when animals perceive and respond not only to within-patch and 
patch boundary stimuli but also to broader scale stimuli, such as the amount of habitat on a landscape. 
Animals integrate both fine and broader scale stimuli, and movement behaviors differ not only among different 
types of habitat patches but also among similar habitat patches embedded on different types of landscapes (e.g., 
a partially fragmented vs. a highly fragmented landscape). In this scenario, different movement patterns 
and dispersions may arise on more similarly structured landscapes. For example, the partially forested 
and "nonforested" landscapes used in this study are similar in structure; both contain a stream flowing 
through pasture with some amount of forest habitat isolated from the stream. The probability of leaving the 
stream differs between these two landscape types, even though the stream habitat and stream-pasture boundary 
are the same on both landscapes (Jonsen and Taylor 2000). Our simulation results suggest that these differences 
in movement behaviors among both patch and landscape types lead to the observed differences in landscape-
level distributions. 

Others have suggested that perceptual range may have important implications, via its influence on 
movement behavior, for population distribution and dynamics (With 1994a, Lima and Zollner 1996, Zollner and 
Lima 1999). Our results suggest that damselfly perceptual ability (1) is an important component of movement-
spatial structure interactions and (2) influences broader scale patterns of distribution. 

Evaluation of our simulation models revealed that damselfly distributions could only be adequately predicted 
when information about movement rates in different habitats and responses to patch boundaries was 
incorporated. Our VISCOSITY model, which represented damselfly movement simply as variation in move lengths 
and turn angles among different habitats, was unable to adequately predict dispersions of either species. 
A conceptually similar, spatially implicit diffusion-approximation model (Turchin 1991) predicted dispersions 
on completely forested landscapes (data not presented) similar to those obtained using our VISCOSITY model. 
Only when a patch boundary behavior (the probability of moving off stream) was incorporated into our 
PERMEABILITY model were predicted and observed dispersions more closely matched. By varying habitat-
specific movement rates and stream boundary permeability, we did find slight evidence that suggests that, 
when movement rates are sufficiently low in all three habitats, the importance of the patch boundary parameter 
on dispersions may be reduced (see the filled circles in Fig. 9). This probably occurs because damselflies do 
not encounter stream boundaries as often because of low movement rates in stream habitat. 
Alternatively, damselflies venturing away from a stream have an increased probability of returning to that 
stream simply because their rates of movement do not result in large displacements away from stream 
habitats. Nevertheless, our simulation experiment indicated that both movement parameters were generally 
required to predict observed patterns of distribution. Patch boundary permeability may be less important to 
animals that have an average move length much smaller than the size of the habitat patch they are moving 
through (e.g., damselflies moving through forest habitat; see below). 

Adequate predictions of C. maculata dispersions were achieved only when broader scale landscape effects on both 
the probability of moving off stream and on stream movement rates were considered. This was not the 
case, however, for C. aequabilis, where model predictions were closest to observed data when either no 
landscape effects or only the landscape effect on the probability of moving off stream were taken into account. 
These findings are consistent with results elsewhere indicating that landscape type strongly influences the ability of 
C. maculata to move both at broad scales (i.e., 700 m) and at finer scales (i.e., 10–100 m), but has only a 
slight influence on the ability of C. aequabilis to move at either broad or finer scales (Pither and Taylor 1998, 
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Jonsen and Taylor 2000). Furthermore, the probability of moving away from streams for both species was 
strongly influenced by landscape type (Jonsen and Taylor 2000), a result that is in general agreement with 
our simulations. 

Using a similar modeling approach, With and Crist (1995, 1996) found that their simulations of fine-
scale grasshopper movements could predict the type of broader scale dispersion (i.e., aggregated vs. 
random) observed, but could not predict quantitatively the observed levels of aggregation. They suggested 
that grasshopper movements were constrained by processes operating at different scales, so that it was difficult 
to make quantitative predictions of dispersion using only fine-scale movement information. In a way, our 
results provide some corroboration of their conclusion. Because our simulations modeled movement over a 
single day, our results showed that, in the general absence of potentially constraining factors such as mortality 
and weather, damselfly dispersions could be predicted on average from fine-scale movement behaviors, but 
only when the influence of the broader landscape on these behaviors was taken into account. Furthermore, our 
model calibrations (not presented) revealed that, as we increased simulation duration beyond a few days, our 
models predicted that nearly all damselflies would occupy forest habitat and that very few would be found 
along streams. However, in reality, Calopteryx damselflies are strongly tied to stream habitat. Sexually mature 
males defend breeding territories along streams and are largely precluded from moving away from streams, 
whereas immature adults and mature females may forage away from streams but must return to mate or 
oviposit (Johnson 1962, Waage 1972). Therefore, over longer time periods, the fine-scale movements we 
simulated may be constrained by factors such as physiological state, sex, and predation risk. 

In our simulations, movements back to streams occurred simply by chance, but we suspect that there is a 
specific behavior or suite of behaviors that allows damselflies to return to their natal streams with greater 
frequency than can be predicted by chance alone. Inclusion of a forest boundary permeability parameter 
for movements from forest to pasture or stream would be one way to alter the probabilities of returning to 
streams. However, because movement rates were lowest in forest (Fig. 3), the probability of encountering a 
forest boundary should be much lower than for movements in pasture and stream habitats. Therefore, it is 
unlikely that a forest boundary permeability parameter would enhance long-term predictions of movements back 
to streams, because this parameter can constrain movements only across a forest boundary (i.e., in the 
simulations presented here, the probability of crossing a forest boundary was effectively 1). 

One feature of our study that sets it apart from other landscape-level simulation studies is that we tested 
model predictions on 12 separate landscapes, four in each of three levels of forest cover. Our results 
indicated considerable variability among individual landscapes, especially with the partially forested level (Fig. 7 
and Fig. 8). This residual variation in model fit may be because of differences in the configuration of forest 
habitat among individual landscapes or to differences in finer scale attributes (or both). Variability among 
landscapes in both broad- and fine-scale factors, combined with the influence of landscape structure on fine-
scale movements (Wiens et al. 1997, Jonsen and Taylor 2000), suggests that studies of this type may benefit 
from replication at landscape scales where feasible. 

Despite the acknowledged potential limitation of vector-based movement (Appendix 2), our PERMEABILITY 
model adequately predicts damselfly dispersions, on average, across the range of landscapes studied. This 
suggests that defining damselfly movements based on 1-min intervals sufficiently captures the range of 
movements that contribute to patterns of distribution on the landscapes studied here. Nevertheless, the behavior 
of vector-based movement models merits further exploration to determine the generality of their application to 
other animal systems. 

SPECULATION

The key result emerging from our simulations suggests that patterns of damselfly distribution may arise 
from multiscale responses to habitat structure. In other words, damselflies alter their fine-scale movement 
behavior when encountering and moving through different patch types, but these responses are further modified 
by features of the broader landscape (e.g., amount of suitable habitat). Our simulations showed that patterns 
of distribution could be predicted from fine-scale movement behaviors only when these multiscale responses 
were considered. 

Our simulated distributions were not population-level equilibrium patterns, but rather daily landscape-scale 
ones. Observations of Calopteryx movements (Taylor and Merriam 1995, Pither and Taylor 1998) suggest that, 
in reality, the scale of individual local populations may extend farther away from streams (i.e., up to or beyond 
750 m) than it does in either our simulation landscapes (about 500 m from stream) or empirical surveys in 
forest habitat (50–500 m from stream), although it is not clear how long a stretch of stream habitat is required 
to encompass a local population of breeding individuals. Nevertheless, we suggest that our results do 
have implications for population-level distributions and broad-scale population dynamics. 

For example, damselflies must move further away from streams to access forest habitats on landscapes 
where stream and forest are isolated. All else being equal, we expect that foraging individuals on partially 
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forested landscapes may have a greater probability of interacting with other local populations than do individuals 
on completely forested or nonforested landscapes (individuals on nonforested landscapes rarely move away 
from streams). In other words, landscape structure may mediate the exchange of individuals among local 
populations via its interaction with fine-scale movements. Such predictions remain largely untested, but illustrate 
how landscape patterns may affect metapopulation-type dynamics. 
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APPENDIX 1

Images of a male Calopteryx aequabilis (left) and a male Calopteryx maculata (right). Both species are similar 
in size, despite scale differences between the images. [ERRATUM: These figures were published without 
attribution to the original source. They are reproduced now with permission from the photographer Mark F. 
O'Brien, Museum of Zoology, University of Michigan.] 

 

APPENDIX 2

Simulation model details. 

To keep the models as simple as possible, we made two assumptions common to both. First, we 
represented damselfly movement over landscapes by a random series of habitat-specific move lengths and 
turn angles. Moves were defined as the straight-line distance traveled during a 1-minute interval. This time 
step corresponds to empirical measures of damselfly movement (Jonsen and Taylor 2000). Second, we assumed 
that Calopteryx aequabilis and Calopteryx maculata used only stream and forest as habitats and moved through 
all other elements of the landscape as they do through pasture. For the purpose of this study, we treated 
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all nonhabitat elements as though they were pasture. We did this for two reasons: (1) pasture was the 
only nonhabitat element for which we had movement data, and (2) pasture dominated (about 65%) the 
nonhabitat components on all 15 landscapes. Other nonhabitat elements presented on some landscapes 
included houses, hay and small-grain fields, and clearcuts. 

At the outset of each simulation run, 100 damselflies were placed randomly along a central portion of the 
stream habitat. Damselflies were constrained to move in discrete steps of 1-minute intervals. The former 
condition was intended to mimic the initial distribution of emerging adults at the beginning of the breeding season, 
i.e., adult emergence occurs solely along streams (Martin 1939, Johnson 1962), whereas the latter 
condition mimicked an empirical analysis of damselfly movement (Jonsen and Taylor 200). 

In both models (VISCOSITY and PERMEABILITY), move lengths and turn angles were drawn randomly 
from empirically determined distributions for each habitat type. In the VISCOSITY model, individuals 
redistributed themselves freely over the landscape according to habitat-specific movement parameters. In 
the PERMEABILITY model, movements away from streams were restricted so that, in any time step, the probability 
of individual damselflies moving off stream matched an empirically observed probability (P mv). Once a 

damselfly moved off stream, it moved freely over the landscape (as in the VISCOSITY model), unless it 
re-encountered the stream. 

Movement pathways were represented as a series of connected vectors, each of length M and direction T. At the 
end of each move, the vector defined by the scalars MR and TR was converted to x, y integers to correspond with 

the landscape grid. The habitat type of the cell at position x, y was evaluated, and the appropriate move and 
turn distributions were specified for the next move. Successive moves (Mi, Ti) were added onto the resultant MR, 

TR calculated in the previous time step (not the x, y integer position) (see Appendix 4 for a visualization). At the 

end of each simulation run, we calculated the proportions of damselflies occupying stream and forest habitats 
and compared them with observed proportions from our survey data. Damselflies occupying pasture at the end 
of simulations were removed (i.e., assumed to be dead), and proportions in stream and forest were 
adjusted accordingly. 

The use of vector-based movements has one potential limitation: vector-based moves can pass directly through 
a habitat patch if the move does not begin or terminate in that patch. In other words, damselflies moving through 
a patch do not alter their behavior unless the current move terminates and a new move initiates in that 
patch. Despite this potential limitation, we chose to use vector- rather than cell-based movement because it 
related directly to (1) damselfly movements measured in the field (Jonsen and Taylor 2000) and (2) 
correlated random walk processes, which are often used as null models of insect movement (Turchin 1998). 

Based on model calibration tests (not presented), we chose 480 time steps (8 h) as a maximum duration 
for simulation runs. This approximated the daily activity period for both C. aequabilis and C. maculata (Waage 
1972). We used reflecting borders for all simulations. 

To correspond with our survey design (no transects through pasture), we corrected the predicted proportions 
of damselfly in stream and forest for individuals that were in pasture at the end of simulation runs. We did this 
by subtracting the number in pasture from 100 and using this difference to calculate the proportions in stream 
and forest habitats. Thus, the proportions of C. aequabilis and C. maculata in forest were equal to 1 minus 
the proportions along streams. For brevity, we present only data pertaining to stream habitat. 

Although our models predicted the proportions of damselflies in stream and forest habitats, our observed 
proportions were based on damselfly counts along stream and forest transects. Because our forest transects 
sampled a smaller proportion of habitat than did our stream transects, we adjusted counts in forest relative to 
the proportion of total stream area sampled as follows: 

(1200 m2/total area of stream) x total area of forest x (observed counts in forest/2000 m2) 

where1200 m2 and 2000 m2 are the areas encompassed by stream and forest transects, respectively.  

 

APPENDIX 3

Summary table of the VISCOSITY and PERMEABILITY simulation models along with the parameter sets used for 
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each. The parameter sets are: Basic, parameters are invariant among landscape types; Mstm, stream move 

length distributions vary among landscape types; Pmv, probabilities of moving off stream vary among 

landscape types; Both, both stream move length distributions and probabilities of moving off stream vary 
among landscape types. 

Model VISCOSITY PERMEABILITY 

Parameter 
set Basic Mstm Basic Pmv Mstm Both 

Movement 
process 

Random draws from empirical move and 
turn distributions (patch viscosity)  

Random draws from empirical move and turn distributions (patch 
viscosity), movements away from streams constrained by probability of 

moving off stream (patch boundary permeability)  
 

Move/turn 
distributions 

(habitat- 
specific)†

 

Constant among 
landscapes 

Stream moves vary 
among landscapes  Constant among landscapes  Stream moves vary among 

landscapes  

Stream 
boundary

permeability 
Not applicable 

Probability 
constant among 

landscapes  

Probability varies 
among 

landscapes  

Probability 
constant among 

landscapes  

Probability 
varies among 

landscapes  
 
† Move length distributions in forest and pasture habitat and turn-angle distributions in all habitats are 
constant among landscape types, for all parameter sets.  

APPENDIX 4

Example of simulated damselfly movement over a digitized landscape. The left image displays a single 
pathway initiated at the stream (blue), traversing pasture (grey), and terminating in forest (green). A single 
move, defined by 1-min time steps, is illustrated by the yellow line segment. The two possible stream 
boundary responses (crossed/not crossed) are illustrated in the right image. 
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