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TABLE IV
CONVERGENT VALIDITY OF RETAINED INDICATORS (CROSS-LOADING). ITEMS MARKED WITH (R) ARE REVERSE-CODED.

Item Item description
Cont.

Benefit
Motiv.

Social
Norms

Psych.
Sense

Comm.

Satis-
faction

Community
Commitm.

Intention
to

Remain

cbm6 I volunteer to learn and develop new skills. 1.000 0.077 0.180 0.173 0.123 0.241

sn2 Other people think that volunteering is important to me. 0.167 0.755 0.221 0.254 0.408 0.474
sn3 It is important to my friends and relatives that I continue volunteering. 0.101 0.791 0.263 0.363 0.463 0.520
sn6 Many of the people that I know expect me to continue as a volunteer. �0.014 0.828 0.270 0.355 0.521 0.502
sn7 No one would really be surprised if I just stopped volunteering. (R) �0.016 0.726 0.489 0.388 0.513 0.466

psc3 If there was a serious problem in the community, the people could
get together to solve it.

0.180 0.391 1.000 0.447 0.445 0.493

s1 I enjoy my volunteer experience. 0.187 0.416 0.341 0.830 0.407 0.608
s2 My volunteer experience is personally fulfilling. 0.109 0.388 0.442 0.900 0.538 0.648
s3 My volunteer experience is worthwhile. 0.128 0.286 0.345 0.833 0.443 0.559
s6 I am likely to continue to volunteer for this project. 0.159 0.380 0.374 0.806 0.591 0.670

cc2 I feel very little loyalty to this community. (R) 0.155 0.391 0.296 0.450 0.701 0.545
cc4 I am proud to tell others that I am a part of this community. 0.123 0.521 0.351 0.510 0.753 0.683
cc6 It would take very little change in my present circumstances to cause

me to leave the community. (R)
0.510 0.417 0.297 0.473 0.756 0.477

cc7 There’s not too much to be gained by sticking with this community
indefinitely. (R)

0.104 0.439 0.423 0.456 0.821 0.602

cc8 I really care about the fate of this community. 0.027 0.514 0.386 0.485 0.850 0.714
cc9 For me this is the best of all possible communities to participate in. 0.118 0.530 0.285 0.355 0.730 0.575

ir1 I plan to volunteer for this community in the future. 0.197 0.445 0.425 0.705 0.682 0.826
ir2 I will recommend that others volunteer for this community. 0.188 0.643 0.469 0.636 0.680 0.821
ir3 I will tell others about the positive experiences that I had volunteering

for this community.
0.142 0.468 0.305 0.511 0.491 0.743

ir4 I hope that volunteering is a part of my life for years to come. 0.265 0.476 0.324 0.578 0.524 0.769
ir7 I am more motivated to volunteer because of my recent volunteer

experience with this community.
0.236 0.464 0.358 0.556 0.556 0.773

ir8 I care about the community for which I volunteer. 0.133 0.513 0.449 0.542 0.802 0.845

ratios are significantly different from 1.0. This suggests that
the constructs in our model capture different phenomena.

To summarize, we have established that the construct
measures are reliable and valid, allowing us to assess the
results of the structural model and our hypotheses.

VI. THEORY TESTING AND EXPLORATION

This section presents the results of the evaluation of the
structural model. In addition we also discuss moderating
effects of several factors including age, tenure, gender, and
contribution type. Finally, we conducted a cluster analysis to
explore unobserved heterogeneity.

A. Structural Model Evaluation

1) Assessing Collinearity: Our theoretical model consists
of five constructs that—we hypothesized—together predict
episodic volunteers’ intention to remain active in a FLOSS

TABLE V
DISCRIMINANT VALIDITY: HETEROTRAIT MONOTRAIT RATIO (HTMT)

Social
Norms

Satisfaction Community
Commitment

Satisfaction 0.532
Community Commitment 0.744 0.679
Intention to Remain 0.758 0.840 0.882

community. To ensure that the five exogenous constructs
are independent, we evaluate their collinearity by means of
Variance Inflation Factors (VIF). In our model, all VIF values
are between 1.04 and 2.08, well below the accepted cut-off
value of 5 [80].

2) Path Coefficients and Significance: PLS does not make
any assumptions about the distribution underpinning the data,
and hence it cannot use any parametric tests of significance.
In order to determine whether path coefficients are statistically
significant, PLS packages implement a bootstrapping procedure.
This involves drawing a large number (typically 5,000) of
random “subsamples” with replacement. All subsamples contain
the same number of observations as the original data set. For
each subsample, the PLS path model is estimated—together,
these sets of coefficients form a bootstrap distribution, which
can be considered as an approximation of the sampling
distribution. From this, a standard error and standard deviation
can be determined [64]. Table VI shows the results for our
five hypotheses. The mean path coefficient determined by
bootstrapping can differ slightly from the path coefficient
calculated directly from the sample; this variability is captured
in the standard error of the sampling distribution of the mean.

Based on the bootstrap results, three hypotheses were
supported (H2, H4, H5) all with p < .05. While H3 was
not supported (p = .4386), based on the bootstrap results we
found moderate support for H1 (p = .0611).
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Site, SC (Fig. 1) comprising 1.375 ha connected and unconnected
open-habitat longleaf pine savanna patches surrounded by
mature pine plantation. “Connected” patches test for connectivity
effects whereas unconnected “rectangular” and “winged” patches
test for patch area and shape effects, respectively (Materials and
Methods). Longleaf pine savanna supports some of the most di-
verse plant communities in the world (22, 23) and is typified in
part by a large proportion of wind-dispersed plant species (22).
At our study site, for example, wind-dispersed species constitute
the most common plant dispersal mode.
To understand how connectivity and habitat fragmentation

affect wind and seed dispersal dynamics, we applied and tested
a mechanistic model of wind-driven dispersal in our experi-
mental landscape. We used the Regional Atmospheric Modeling
System-based Forest Large Eddy Simulation model (RAFLES;
see Materials and Methods, ref. 24, and Fig. S1), a mechanistic
model that explicitly incorporates 3D heterogeneous habitat
structure at meter-scale resolution. We tested the model’s pre-
dictions by empirically measuring wind dynamics and LDD
patterns of experimentally released artificial seeds in our highly
controlled landscape. We also tested the predicted implica-
tions of these model results for plant community dynamics by
evaluating changes in species richness of wind-dispersed plants
among our experimental patch types across 12 y of community
development.

Results
The model predicts that, in general, wind speeds accelerate in
habitat openings relative to the surrounding closed forest, causing
increased turbulence and uplift probabilities (Fig. 2; Figs. S2–S4).
It also illuminates three distinct effects of habitat openings on
wind dynamics (Fig. 2)––redirecting, bellowing, and ejection
hotspots (these terms are described below). All of these effects
are affected by corridors and the shapes of patches, altering seed
dispersal patterns (Fig. 3 A and B).
First, wind direction in all patches rotates toward the long axis

of each patch, in line with the corridor or wings. This “redirecting”
effect causes wind to converge into the corridor or wing when

either is located on the downwind side of a patch [e.g., Fig. 2A:
wind blows directly along the long axes of the patches (eastward)
even though the above-canopy wind forcing was at 30° toward the
southeast, an effect that can begin even in the forested matrix
before the wind reaches the patches; Materials and Methods].
The spatial extent of this effect is longest in connected patches,
intermediate in winged patches, and shortest in rectangular
patches (Fig. 2A), suggesting that seeds are moved farthest
among connected patches, intermediate distances in winged
patches, and least in rectangular patches. The redirection effect
is strongest close to the ground, affects the wind direction in the
matrix near patches, and is weaker above the canopy.
Second, a “bellowing” effect occurs when winds accelerate

inside a patch, leading to relatively strong winds at the downwind
end of corridors and wings (e.g., arrows in Fig. 2A). The stron-
gest enhancement of wind speed is at the center of wings and
corridors because wind in the patches experiences less drag rel-
ative to wind at the same height in the surrounding forest matrix
due to the lack of tree-canopy obstacles (25). Although the
bellowing effect occurs in both winged and connected patches, it
only promotes between-patch movement for connected patches
(Fig. 2A).
Third, increased “ejection hotspots”––locations in which seeds

have a relatively high probability of being uplifted (sensuref. 11)––
are more likely to occur in connected than unconnected patches
(Fig. 2B: upward arrows around the centers of connected patches
at ∼40 m and ∼300 m downwind are much stronger than those in
the centers of winged and rectangular patches at ∼140 m down-
wind). Ejection hotspots occur when increased turbulence, and
particularly increased variation of the vertical component of wind
speed, results in increased updrafts and downdrafts such that the
former leads to an increased probability of seeds being trans-
ported long distances (9–11). This effect, in combination with the
redirection and bellowing effects, makes it more likely that seeds
will move among connected than unconnected patches and that
corridors will promote LDD of wind-dispersed seeds among open-
habitat patches.
Empirically determined wind dynamics and seed dispersal pat-

terns in our experimental landscapes (Materials and Methods) pro-
vide evidence consistent with these model predictions. Across
a dispersal season, corridors increased wind speeds and rotated the
wind direction to be in line with the long axis of the patch, in the
same direction as the corridors and wings (Fig. 3C). Wind data
collected simultaneously in a corridor and reference patch (rect-
angular patch) across two years (blue dots, Fig. 3D) show that wind
directions consistently rotate to be in line with the corridor (Fig. 3D;
red horizontal lines show corridor orientation shown in Fig. 1).
Experimental releases of 5,400 artificial seeds (with a terminal ve-
locity similar to native wind-dispersed species; Materials and Meth-
ods) corroborate these results. In five separate release events, 300
seeds were simultaneously released under the same overall mete-
orological conditions from different locations within our land-
scapes (Table S1). A greater proportion of seeds dispersed in
the same direction as the corridor when released near the cor-
ridor entrance than when released elsewhere (Fig. 3 A and B). In
the winged patch with high edge-to-area ratios, but no connec-
tion to other patches, similar increases in wind speeds and re-
direction were also observed but to a lesser degree than in the
corridor of connected patches (Fig. 3C).
Overall, modeled and observed dispersal kernels from all release

locations were significantly correlated (Materials and Methods,
r2 = 0.50–0.94, the slopes of modeled vs. observed data were not
significantly different from 1, Table S1 and Fig. S5), suggesting
that the model captures the underlying wind and seed dispersal
processes in our study landscape and provides reasonable pre-
dictions for seed dispersal patterns.
Our modeled and empirical results show that empirically de-

termined LDD is indeed greatest among connected patches,

Connected 
patch

Unconnected 
rectangle patch

Unconnected 
winged patch

Unconnected 
winged patch

Corridor
90°270°

Wing

Fig. 1. Experimental landscape at Savannah River Site, SC. Patch types are
connected (with a corridor), unconnected winged, or unconnected rectan-
gular. The long axis of the corridor is aligned along 90° and 270° to corre-
spond with Figs. 2 and 3.
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Site, SC (Fig. 1) comprising 1.375 ha connected and unconnected
open-habitat longleaf pine savanna patches surrounded by
mature pine plantation. “Connected” patches test for connectivity
effects whereas unconnected “rectangular” and “winged” patches
test for patch area and shape effects, respectively (Materials and
Methods). Longleaf pine savanna supports some of the most di-
verse plant communities in the world (22, 23) and is typified in
part by a large proportion of wind-dispersed plant species (22).
At our study site, for example, wind-dispersed species constitute
the most common plant dispersal mode.
To understand how connectivity and habitat fragmentation

affect wind and seed dispersal dynamics, we applied and tested
a mechanistic model of wind-driven dispersal in our experi-
mental landscape. We used the Regional Atmospheric Modeling
System-based Forest Large Eddy Simulation model (RAFLES;
see Materials and Methods, ref. 24, and Fig. S1), a mechanistic
model that explicitly incorporates 3D heterogeneous habitat
structure at meter-scale resolution. We tested the model’s pre-
dictions by empirically measuring wind dynamics and LDD
patterns of experimentally released artificial seeds in our highly
controlled landscape. We also tested the predicted implica-
tions of these model results for plant community dynamics by
evaluating changes in species richness of wind-dispersed plants
among our experimental patch types across 12 y of community
development.

Results
The model predicts that, in general, wind speeds accelerate in
habitat openings relative to the surrounding closed forest, causing
increased turbulence and uplift probabilities (Fig. 2; Figs. S2–S4).
It also illuminates three distinct effects of habitat openings on
wind dynamics (Fig. 2)––redirecting, bellowing, and ejection
hotspots (these terms are described below). All of these effects
are affected by corridors and the shapes of patches, altering seed
dispersal patterns (Fig. 3 A and B).
First, wind direction in all patches rotates toward the long axis

of each patch, in line with the corridor or wings. This “redirecting”
effect causes wind to converge into the corridor or wing when

either is located on the downwind side of a patch [e.g., Fig. 2A:
wind blows directly along the long axes of the patches (eastward)
even though the above-canopy wind forcing was at 30° toward the
southeast, an effect that can begin even in the forested matrix
before the wind reaches the patches; Materials and Methods].
The spatial extent of this effect is longest in connected patches,
intermediate in winged patches, and shortest in rectangular
patches (Fig. 2A), suggesting that seeds are moved farthest
among connected patches, intermediate distances in winged
patches, and least in rectangular patches. The redirection effect
is strongest close to the ground, affects the wind direction in the
matrix near patches, and is weaker above the canopy.
Second, a “bellowing” effect occurs when winds accelerate

inside a patch, leading to relatively strong winds at the downwind
end of corridors and wings (e.g., arrows in Fig. 2A). The stron-
gest enhancement of wind speed is at the center of wings and
corridors because wind in the patches experiences less drag rel-
ative to wind at the same height in the surrounding forest matrix
due to the lack of tree-canopy obstacles (25). Although the
bellowing effect occurs in both winged and connected patches, it
only promotes between-patch movement for connected patches
(Fig. 2A).
Third, increased “ejection hotspots”––locations in which seeds

have a relatively high probability of being uplifted (sensuref. 11)––
are more likely to occur in connected than unconnected patches
(Fig. 2B: upward arrows around the centers of connected patches
at ∼40 m and ∼300 m downwind are much stronger than those in
the centers of winged and rectangular patches at ∼140 m down-
wind). Ejection hotspots occur when increased turbulence, and
particularly increased variation of the vertical component of wind
speed, results in increased updrafts and downdrafts such that the
former leads to an increased probability of seeds being trans-
ported long distances (9–11). This effect, in combination with the
redirection and bellowing effects, makes it more likely that seeds
will move among connected than unconnected patches and that
corridors will promote LDD of wind-dispersed seeds among open-
habitat patches.
Empirically determined wind dynamics and seed dispersal pat-

terns in our experimental landscapes (Materials and Methods) pro-
vide evidence consistent with these model predictions. Across
a dispersal season, corridors increased wind speeds and rotated the
wind direction to be in line with the long axis of the patch, in the
same direction as the corridors and wings (Fig. 3C). Wind data
collected simultaneously in a corridor and reference patch (rect-
angular patch) across two years (blue dots, Fig. 3D) show that wind
directions consistently rotate to be in line with the corridor (Fig. 3D;
red horizontal lines show corridor orientation shown in Fig. 1).
Experimental releases of 5,400 artificial seeds (with a terminal ve-
locity similar to native wind-dispersed species; Materials and Meth-
ods) corroborate these results. In five separate release events, 300
seeds were simultaneously released under the same overall mete-
orological conditions from different locations within our land-
scapes (Table S1). A greater proportion of seeds dispersed in
the same direction as the corridor when released near the cor-
ridor entrance than when released elsewhere (Fig. 3 A and B). In
the winged patch with high edge-to-area ratios, but no connec-
tion to other patches, similar increases in wind speeds and re-
direction were also observed but to a lesser degree than in the
corridor of connected patches (Fig. 3C).
Overall, modeled and observed dispersal kernels from all release

locations were significantly correlated (Materials and Methods,
r2 = 0.50–0.94, the slopes of modeled vs. observed data were not
significantly different from 1, Table S1 and Fig. S5), suggesting
that the model captures the underlying wind and seed dispersal
processes in our study landscape and provides reasonable pre-
dictions for seed dispersal patterns.
Our modeled and empirical results show that empirically de-

termined LDD is indeed greatest among connected patches,
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Fig. 1. Experimental landscape at Savannah River Site, SC. Patch types are
connected (with a corridor), unconnected winged, or unconnected rectan-
gular. The long axis of the corridor is aligned along 90° and 270° to corre-
spond with Figs. 2 and 3.
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