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Abstract

Environmental factors influence phenotypes directly, as well as indirectly via
trait correlations and interactions with other environmental variables. Using
nine populations of the African cyprinid Barbus neumayeri, we employed path
analysis to examine direct, indirect and total effects of two environmental
variables, water flow (WF) and dissolved oxygen (DO), on several morpho-
logical traits. WF and DO directly influenced relative gill size, body shape and
caudal fin shape in manners consistent with a priori predictions. Indirect
effects also played an important role in the system: (1) strong, oppositely
signed direct and indirect effects of WF on body shape resulted in a
nonsignificant total effect; (2) DO had no direct effect on body shape, but a
strong total effect via indirect effects on gill size; (3) WF indirectly influenced
gill size via effects on DO. Only through examination of multiple environ-
mental parameters and multiple traits can we hope to understand complex

relationships between environment and phenotype.

Introduction

In natural systems, organisms face a multitude of
ecological challenges and often respond with phenotypic
shifts. Because organisms experience multiple selective
and/or inducing agents, observed phenotypes generally
reflect the influence of multiple environmental variables,
in addition to other evolutionary factors (e.g. gene flow,
genetic drift, genetic/developmental constraints) (e.g.
Felsenstein, 1976; Lowell, 1987; Slatkin, 1987; Robinson
& Wilson, 1994; Schluter, 2000; DeWitt & Langerhans,
2003; Ackermann & Cheverud, 2004). Environmental
influences on traits can arise via genetically based
responses to selection — including both environment-
contingent phenotype production (i.e. phenotypic
plasticity) and environment-independent phenotype
production — as well as potentially nonadaptive effects
of environment on phenotype (e.g. Levins, 1968;
Schluter, 2000; Pigliucci, 2001; Pigliucci & Murren,
2003; West-Eberhard, 2003; DeWitt & Scheiner, 2004).
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Regardless of the adaptive nature or the form of genetic
basis of phenotypic variation, environmental effects on
phenotypes can be complex because of the interplay of
direct and indirect effects on traits. That is, environ-
mental factors can directly influence phenotypic values,
and also indirectly influence phenotypes through trait
correlations and interactions with other environmental
factors (e.g. Gould & Lewontin, 1979; Lande & Arnold,
1983; Koehl, 1996; DeWitt & Langerhans, 2003; Pigliucci
& Preston, 2004; Marks et al., 2005). For example, one
environmental factor might directly increase the value of
a particular trait, but indirectly decrease the value of that
trait via effects on other environmental factors or
correlated traits. This scenario might produce a situation
where no relationship is observed between phenotype
and environment (if examined in isolation of other
phenotypes and environmental factors), when the true
relationship is quite strong, albeit complex.

Ecologists and evolutionary biologists seek to under-
stand relationships between environment and pheno-
type; but we are challenged by the complex networks of
direct and indirect effects on traits. One useful approach
to address this complexity is to apply a methodology that
assesses both direct and indirect effects of multiple
environmental factors on multiple phenotypes (DeWitt
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& Langerhans, 2003; Schaack & Chapman, 2003; Caumul
& Polly, 2005; Hoverman et al., 2005). This assessment
will be stronger if made in relation to an existing a priori
understanding of how environmental factors and phe-
notypes are predicted to affect one another. Such an
analysis should reveal how environment and phenotype
are associated, even if this relationship is complex.

We examined effects of two abiotic environmental
factors, dissolved oxygen (DO) concentration and water
flow (WF), on several morphological traits of a cyprinid
fish. We selected DO because it is a strong predictor of
morphological variation in fishes, as well as other aquatic
organisms, such as amphibians (Bond, 1960; Burggren &
Mwalukoma, 1983) and arthropods (Jacobsen, 2000;
Roast & Jones, 2003). In earlier studies, we have
demonstrated population differentiation and/or pheno-
typic plasticity in respiratory traits for a suite of fish
species that occur across DO gradients (e.g. Chapman &
Liem, 1995; Chapman ef al., 1999, 2000, 2002; Timmer-
man & Chapman, 2004). WF is generally believed to be a
critically important factor in the evolution of morphology
(including evolution of morphological plasticity) in fishes
(e.g. Hubbs, 1941; McLaughlin & Grant, 1994; Hendry
et al., 2000; Pakkasmaa & Piironen, 2000; Brinsmead &
Fox, 2002; Imre et al, 2002; Langerhans et al, 2003;
McGuigan et al., 2003; Collyer et al., 2005; Hendry et al.,
2006; Sidlauskas et al., 2006), as well as other aquatic
taxa (e.g. Denny, 1988, 1994; Johnson & Koehl, 1994;
Gaylord et al., 2001; Carrington, 2002). Thus, these two
abiotic variables may serve as major selective or inducing
agents in many aquatic organisms.

Both environmental gradients (DO and WF) are
predicted to influence morphological traits in particular
manners. Using a comparative analysis of nine popula-
tions of the African cyprinid Barbus neumayeri, we tested
a priori hypotheses regarding direct effects of each factor
on particular phenotypes and direct effects of phenotypes
on other phenotypes (Table 1). We developed a set of
hypothesized direct effects (see details below), and used

these predictions to build a path model. The path model
was employed to understand the direct, indirect and total
effects of environmental factors on organismal traits. We
did not offer predictions regarding indirect or total effects,
but rather these effects are designed to be revealed by a
path analysis.

We proposed specific predictions regarding the nature
of direct effects for five of seven hypothesized direct
effects (Table 1). These predictions were made based on
physical, physiological, biomechanical and architectoni-
cal knowledge of the system (see references in Table 1).
For instance, physical interaction of atmospheric oxygen
with turbulent surface waters causes rapid dissolution of
oxygen into water (where oxygen concentration is much
lower than air), and thus generally leads to a positive
association between WF and DO. Each prediction con-
cerning direct effects of environment on phenotype
reflects an adaptive hypothesis (via either plasticity
and/or fixed responses). For example, larger gills can
extract oxygen more efficiently (but may be costly to
produce), and thus selection should favour larger gills in
hypoxic waters and relatively small gills in well-oxygen-
ated waters. Further, to reduce the energetic expenditure
necessary to maintain position in high-flowing water,
fish morphologies should minimize drag and maximize
thrust for steady swimming; this is accomplished with a
large anterior body depth and narrow caudal peduncle
(i.e. fusiform shape), and a large, high aspect ratio caudal
fin (morphologies that compromise other aspects of
swimming that employ the same propulsors, such as fast
starts). In addition, we hypothesized that DO might
directly affect overall body shape in an unknown
manner, that larger gills would result in fish with larger
head regions, and that body shape might influence
caudal fin form in an unknown manner. This latter
prediction describes the hypothesis that caudal fin form
may partially derive from changes in body morphology
(e.g. caudal peduncle depth could necessarily increase
caudal fin height). However, alternative hypotheses exist

Table 1 Defined a priori direct effects,

Direct effect Predicted nature of effect Reference predictions and references supporting
Water flow — dissolved oxygen Higher WF — higher DO 1-3 predictions.
Water flow — body shape Higher WF — more fusiform body shape 4-11
Water flow — caudal fin form Higher WF — larger, higher aspect 4-11
ratio caudal fin
Dissolved oxygen — gill size Lower DO — larger gills 12-19
Dissolved oxygen — body shape Unknown
Gill size — body shape Larger gills — larger head region 15,17,20-21

Body shape « ? — caudal fin form Unknown

These hypothesized direct effects were used to construct a path model (see Fig. 5).
References: 1 = Lampert ef al., 1997, 2 = Cushing & Allan, 2001, 3 = Allan, 2004, 4 = Keast
& Webb, 1966, 5 = Lighthill, 1975, 6 = Blake, 1983, 7 = Webb, 1984, 8 = Videler, 1993,

9 = Vogel, 1994, 10 = Boily & Magnan, 2002, 11 = Blake, 2004, 12 = Galis & Barel, 1980,
13 = Chapman & Liem, 1995, 14 = Chapman et al., 1999, 15 = Chapman et al., 2000,

16 = Chapman & Hulen, 2001, 17 = Schaack & Chapman, 2003, 18 = Timmerman &
Chapman, 2004, 19 = Brauner & Val, 2005, 20 = Smits ef al., 1996, 21 = Bouton et al., 2002.
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regarding the relationship between body shape and
caudal fin form, and thus we evaluate alternative
hypotheses using a model selection approach.

Methods

Study system

Barbus neumayeri is widely distributed in East Africa
(Greenwood, 1962, 1966), and is found in a variety of
habitats within Kibale National Park, Uganda (Olowo &
Chapman, 1996). This cyprinid reaches a maximum total
length of approximately 11 cm within the park and feeds
principally on small insect larvae, aquatic plants and
detritus (Corbet, 1961; Schaack & Chapman, 2004).
We sampled B. neumayeri populations across a gradient of
DO and WF within or near Kibale National Park (0°13’-
0°41’'N, 30°19°-30°32’E). Approximately 60% of the 795-
km? park is characterized by moist evergreen forest, and
the remainder is comprised of a mosaic of wetland,
grassland, pine plantation, thicket and colonizing forest
(Butynski, 1990). The forest is drained by two major
everflowing rivers, Dura and Mpanga; both are tributar-
ies of Lake George and are fed by numerous small forest
streams. Extensive valley swamps dominated by papyrus
(Cyperus papyrus) characterize both systems. Barbus neu-
mayeri inhabits all of these types of aquatic environments
(i.e. rivers, streams and swamps; Chapman et al., 1999).

Collection sites

Nine collection sites were selected for the survey of
B. neumayeri to maximize the range of variation in DO
and WF, while simultaneously: (1) reducing the strong
positive correlation between these two variables to as
great an extent as possible (i.e. selecting sites with
relatively high WF and low DO and vice versa) and (2)
minimizing any potentially confounding environmental
parameters (e.g. selecting sites similar in abiotic param-
eters other than DO and WF). Selected sites included
swamps, streams and rivers (Fig. 1), and spanned a broad
range of DO and WF (Table 2; see description below).
Although we could not eliminate the positive correlation
between DO and WF, we were able to minimize the
correlation through careful selection of study sites, thus
keeping multicollinearity relatively low in our analyses
(see Results). We were quite effective in avoiding major
confounding variables, as no measured environmental
parameter (water temperature, depth and pH measured
for all nine sites; conductivity for eight sites; transparency
for six sites) was significantly correlated with DO, and
only one parameter (transparency) exhibited a signifi-
cant relationship with WF (P = 0.037).

Our two swamp sites were ~500 m apart within the
Rwembaita Swamp, one of the largest swamps in Kibale
National Park (6.5 km long). In the swamp interior,
minimal exposure to incident light (caused by dense
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papyrus averaging 5 m in height), reduced mixing and
high rates of organic decomposition produce hypoxic
conditions (Chapman et al., 1998, 1999, 2000). At the
eastern edge of the swamp, water exits the wetland
through an open-water stream (Rwembaita/Njuguta
outflow stream), picking up oxygen as it flows through
the forest, until it meets the well-oxygenated waters of
the Njuguta River. Fish were collected in both the
outflow stream and the river. We collected from three
stream sites (1-2 m in width) situated in secondary
forest: Mikana Stream, Inlet Stream East and Inlet
Stream West. We also sampled both major everflowing
rivers in this region: a fast-flowing well-oxygenated
section of the Dura River running through primary
forest, and a section of the Mpanga River running
through a landscape of Acacia woodland and agricultural
plots downstream of a large papyrus swamp producing
moderate levels of hypoxia.

Prior molecular analyses have demonstrated significant
genetic differentiation among five B. neumayeri popula-
tions within Mpanga River drainage, and genetic distan-
ces among sites are not associated with geographic
distances (Chapman efal, 1999). Thus, we treated
populations as statistically independent in analyses des-
cribed below.

Environmental sampling

Dissolved oxygen and WF was measured bi-monthly
over a 2-year period (April 2001 to May 2003) at a series
of representative habitats within all sites with the
exception of Dura River and Mpanga River. We meas-
ured DO and WF monthly for 2 years at Dura River
(April 1996 to May 1998) and monthly for 1 year at
Mpanga River (July 1995 to June 1996). DO was
measured using a YSI meter (Model 51B or Model 95)
in the upper 20 cm of the water column. WF of each site
was ranked on a scale of 0-3 (0 = no flow, 1 = low flow,
2 =fast flow and 3 = very fast flow; ranked using
increments of 0.5 units). In the closed cover of the forest
and papyrus swamp habitats, diel variation in DO and
water temperature tends to be very low (Chapman &
Liem, 1995). Therefore, measurements were taken once
per sampling day in the mid-morning to mid-afternoon
period.

Morphometrics

In May-June 2003, fish were collected with minnow
traps, killed in buffered MS222 (tricane methane sul-
phonate), weighed to the nearest 0.1 g, and placed on a
laminated grid mounted on a level structure. We
captured a lateral image of the right-hand side of each
fish (resolution of 0.05 mm/pixel) using a digital camera
(Nikon Coolpix 4500) mounted on a tripod. Fish were
then preserved in paraformaldehyde (35 gl1™'). We
measured body morphology and caudal fin form using
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Fig. 1 Map of the Kibale National Park region of Uganda, indicating the two major drainage systems (Dura River, Mpanga River), the
Rwembaita Swamp system, and the nine sites where Barbus neumayeri were sampled. 1 = Mikana Stream, 2 = Rwembaita Swamp-up, 3 =
Rwembaita Swamp-mid, 4 = Inlet Stream West, 5 = Inlet Stream East, 6 = Njuguta River, 7 = Rwembaita/Njuguta outflow stream, 8 =

Mpanga River, 9 = Dura River.

the digital images, and measured gill structure using
preserved specimens. As sexual dimorphism is not
reported in this species (Greenwood, 1962, 1966), we
pooled sexes for analyses.

For the analysis of body morphology, we digitized 11
landmarks (Fig. 2) on each image using the software
program tpsDig (Rohlf, 2004a). We conducted geometric
morphometric analyses (Rohlf & Marcus, 1993; Adams
et al., 2004; Zelditch et al., 2004) using our digitized
landmarks. We used tpsRegr software (Rohlf, 2004b) to
obtain shape variables (uniform components and partial
warps) for analyses described below. TpsRegr rotates,
translates and scales landmark coordinates into align-

ment via generalized Procrustes analysis (Bookstein,
1991; Marcus et al, 1996). Superimposed landmark
configurations were used to calculate affine and nonaf-
fine shape components using tpsRegr. We visualized
variation in landmark positions using the thin-plate
spline approach, which maps deformations in shape from
one object to another (Bookstein, 1991).

We measured caudal fin form using two calculations:
caudal fin length (CFL) and caudal fin aspect ratio
(CFAR). CFL was measured as the distance between the
midpoint of a line connecting landmarks 5 and 6 and the
midpoint of a line connecting the dorsoposterior and
ventroposterior tips of the caudal fin (Fig. 2). Caudal fin
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Table 2 Dissolved oxygen concentration,
water flow (ranked between 0 and 3; see
text), sample sizes and standard length (SL) Site
of Barbus neumayeri used in analyses for each

of the nine collection sites (two swamp, four
stream and three river sites).

Sample size

Dissolved Water -

oxygen (mg I”")  flow (rank) Body/tail ~ Gills  SL, X (min-max)
Rwembaita Swamp-mid (3)  1.35 + 0.18 0.32 £+ 0.03 30 10 56.1 (33.2-76.9)
Rwembaita Swamp-up (2) 2.78 £ 0.20 0.46 +0.06 30 6 44.0 (33.0-66.0)
Mpanga River (8) 4.26 + 0.42 0.83 + 0.08 9 6 49.2 (37.9-62.4)
Rwembaita/Njuguta 431 £0.14 0.93 £0.07 30 7 52.3 (35.3-80.5)

outflow stream (7)

Inlet Stream East (5) 515+ 0.18 114 £005 30 6 48.7 (32.1-75.8)
Inlet Stream West (4) 5.58 + 0.16 0.43+0.03 30 6 49.0 (34.0-73.1)
Njuguta River (6) 6.55 + 0.14 0.90 £ 0.04 30 6 55.6 (36.5-88.7)
Mikana Stream (1) 6.74 + 0.12 0.97 £0.04 30 10 52.9 (31.1-77.5)
Dura River (9) 7.32 £0.12 1.28+0.06 30 6 59.7 (38.8-93.4)

Numbers in parentheses beside each site name refer to site labels in Fig. 1. Environmental
values represent averages of monthly (Dura River and Mpanga River) or bimonthly (all other
sites) samples (mean + 1 SE).

N
/e

Fig. 2 Landmarks and measurements used for analysis of body
morphology and caudal fin form of Barbus neumayeri. Open symbols
represent midpoints used in the measurement of caudal fin length.
The shaded region depicts the caudal fin surface area used in the
calculation of caudal fin aspect ratio.

heigh

height was measured as the distance between the
dorsoposterior and ventroposterior tips (Fig. 2). Caudal
fin surface area was measured as the lateral area enclosed
within the caudal fin margin and a line connecting
landmarks 5 and 6 (shaded region in Fig. 2). CFAR was
calculated as height?*/surface area. All measurements
were conducted in tpsDig.

We measured a series of gill features on the left
branchial basket for a subset of preserved specimens,
selected to span the range of observed body size within
each population. We selected five gill measurements that
represent the size of gills, as well as potentially reflect
spatial constraints in the head region: total gill filament
length (TGFL), total gill filament number (TGFN), total
area of the hemibranchs (THA), total perimeter of the
hemibranchs (THP) and average length of the hemi-
branch (AHL) (Fig. 3). We selected TGFL, because it is
more likely to reflect spatial constraints of large gills on
neighbouring structures than another commonly meas-
ured parameter, gill surface area, and because it has been
well documented that B. neumayeri from hypoxic waters
have a larger TGFL than fish from well-oxygenated sites
(Chapman & Liem, 1995; Chapman et al., 1999). Further,
previous studies have found that for two fish species,
populations with larger TGFL are characterized by a

© 2007 THE AUTHORS 20 (2007) 1171-1181

Langthof hemibranch

Fig. 3 Illustration of measurements used for analyses of gill size and
shape of Barbus neumayeri. The length of filaments was used to
estimate total gill filament length (TGFL); the length of the
hemibranch was used to quantify average hemibranch length (AHL),
and the total hemibranch area (THA) and perimeter (THP) were
estimated from the outer line connecting the filament base and tips
(bold line).

larger gill surface area (Pseudocrenilabrus multicolor victo-
riae, Chapman et al., 2000; Poecilia latipinna, Timmerman
& Chapman, 2004).

To quantify TGFL, each of the four gill arches from the
left side of the branchial basket was separated and laid
flat on a microscope slide. For each hemibranch, the
length of every fifth gill filament was measured across
the arch, with additional measurements at each end to
increase resolution. Two successive measurements were
averaged to estimate the length of intermediate fila-
ments. Filament lengths were summed for the eight
hemibranchs and multiplied by two to produce an
estimate of TGFL. The total number of filaments was
counted for each hemibranch on one side of the fish and
multiplied by two to produce an estimate of the total
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number of filaments on the branchial basket (TGFN). To
estimate hemibranch areas, we digitized the area of the
gill filaments on the eight hemibranchs on one side of the
fish. This was multiplied by two to produce an estimate of
the total hemibranch area (THA, not including the bony
arches). Total hemibranch perimeter (THP) was estima-
ted as the sum of the perimeters of the eight hemibranchs
on one side of the fish (not including the bony arches)
multiplied by two. Hemibranch length was estimated as
the AHL from the bottom of the first filament to the last.
This value was averaged over the eight hemibranchs on
one side of the fish to produce an estimate of average
hemibranch length (AHL).

Statistical analyses

As we wished to examine the influence of environmental
factors on size-independent morphology, we first size-
adjusted all morphometric data. For each type of
morphometric data, we conducted a MmANcova using
population as the main effect and an estimate of body
size as the covariate, and saved least-squares means of
size-adjusted values for each population (the population
term was highly significant in all cases, P < 0.0001).
Caudal fin and gill measurements were log-transformed
prior to analysis. The logarithm of centroid size (square
root of the summed, squared distances of all landmarks
from their centroid) was used as the covariate for body
shape, log-standard length for caudal fin form and log
body mass for relative gill size. In all mancovas, we
tested for heterogeneity of slopes and included the
interaction term when significant. Slopes were largely
homogeneous, having minimal influence on results even
when significantly heterogeneous (for body shape and
caudal fin form) as revealed by the high correlation
among size-adjusted values derived with and without
inclusion of the interaction term (mean r = 0.97, all
P < 0.0001). To reduce dimensionality, we conducted a
principal components analysis (PCA) of size-adjusted
values for each type of morphometric data. For these
analyses, we used the covariance matrix for variables
measured on the same scale (body shape) and the
correlation matrix for variables that differed in scale
(caudal fin form and relative gill size).

We used path analysis (e.g. Wright, 1934; Mitchell,
1992; Shipley, 1997; Mitchell, 2001; Kline, 2005) to
investigate direct and indirect effects of WF and DO on
our three morphometric parameters (i.e. body shape,
caudal fin form and relative gill size). We formulated a
path model representing the a priori defined direct effects
(Table 1), substituting principal component (PC) scores
for each morphometric parameter. Because we had
alternative hypotheses regarding the form of the rela-
tionship between body shape and caudal fin form, we
evaluated separate path models using the Akaike infor-
mation criterion (AIC; Akaike, 1992) to select the most
appropriate model for the data. The best model had the

lowest AIC value and differed from the next best model
by at least two units (Burnham & Anderson, 2002). We
modelled four alternative hypotheses: (1) body shape
directly influences caudal fin form; (2) caudal fin form
directly influences body shape; (3) body shape and
caudal fin form reciprocally influence each other; and
(4) residuals for body shape and caudal fin form are
correlated.

The overall fit of our selected model was evaluated
using the Bollen—Stine bootstrap test (Bollen & Stine,
1992), which tests the null hypothesis that the a priori
designation of paths is correct. All path coefficients (i.e.
partial regression coefficients) were estimated using
10 000 bootstraps of the data set. We assessed signifi-
cance of direct effects (path coefficients), indirect etfects
(multiplication of path coefficients) and total effects (sum
of direct and indirect effects) using a bootstrap approxi-
mation obtained by constructing two-sided bootstrapped
confidence intervals. As results were only significant
using the first PC for each morphometric parameter
(compared with models substituting subsequent PCs), we
hereafter refer only to this path analysis. Path analysis
was conducted with Amos version 5.0.1 (Arbuckle &
Wothke, 1999; Arbuckle, 2003).

Results

We retained the first PC for each set of morphometric
variables (Table 3). Body shape variation described by
the first PC is visualized in Fig. 4. AIC unambiguously
selected the path model where body shape directly
influences caudal fin form (4AIC = 4.6 for second best
model). Using Akaike weights, the selected model was
approximately 10 times more likely to be the best model
for the observed data than the next best alternative
model (Akaike weights of 0.81 vs. 0.08). There was no
indication that the selected path model was inad-
equately structured (Bollen-Stine bootstrap P =
0.4383) and multicollinearity was reasonably low for
those components of the analysis simultaneously con-
sidering multiple related factors (all variance inflation
factors < 5.02). Results of the path analysis largely
matched a priori predictions (Fig. 5), and most direct,
indirect and total effects in the path analysis were
significant (Table 4). We summarize the major findings
of the path analysis below.

We found that higher WF resulted in an increased
DO and was directly associated with deep-bodied fish
having relatively deep heads and large, high aspect
ratio caudal fins. Interestingly, indirect effects of WF on
body shape, via indirect effects on relative gill size,
opposed direct effects, resulting in a nonsignificant total
effect of WF on body shape for the populations studied.
DO was negatively associated with relative gill size.
Although DO had no direct relationship with body
shape, it indirectly influenced body shape via effects on
gill size, resulting in a strong total effect. Other findings
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Table 3 Pearson correlation coefficients between size-adjusted
morphological variables and principal components.

Variable Principal component 1

Relative gill size 56.90% of variance

log TGFN 0.36
log TGFL 0.94
log THA 0.96
log THP 0.94
log AHL 0.10
Caudal fin form 63.50% of variance
log CFL 0.80
log CFAR 0.80
Body shape 41.70% of variance
1x 0.63
1y 0.17
2x -0.93
2y 0.84
3x 0.25
3y 0.70
4x -0.02
4y 0.71
5x 0.29
By 0.60
6x 0.80
6y -0.41
X 0.75
Ty -0.73
8x -0.44
8y -0.71
X —-0.45
9y -0.67
10x -0.44
10y -0.82
11x 0.87
11y -0.10

Abbreviations follow the text and Fig. 3. Body shape variables reflect
the x and y dimensions of each landmark depicted in Fig. 2 (positive
values represent shifts right [x] or up [y] associated with positive
principal component scores).
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Fig. 5 Path analysis results. Numerical values indicate path coeffi-
cients, and line thickness reflects the strength of the path. Solid lines
represent positive effects, and dashed lines represent negative effects.

included a direct effect of relative gill size on body
shape (larger gills resulted in fish with relatively deeper
bodies and particularly large heads) and a direct effect
of body shape on caudal fin form (fish with relat-
ively deeper bodies and particularly large heads
also had large, high aspect ratio caudal fins). Because
body shape directly influenced caudal fin form, there
were also significant total effects of DO and relative
gill size on caudal fin form via their effects on body
shape.

Discussion

Environmental impacts on phenotypes can be complex.
Our path analysis uncovered a complex set of direct and
indirect effects of WF and DO on morphological charac-
ters in B. neumayeri. We found an array of significant
direct, indirect and total effects of environment on
phenotype, as well as effects of phenotypes on other
phenotypes.

Results of the path analysis largely matched a priori
predictions for all five direct effects for which we
proposed specific hypotheses: (1) higher WF resulted in

Fig. 4 Visualization of the first principal component for body shape. Populations varied significantly in morphology (Mmancova, P < 0.0001;
Procrustes distances ranged from 0.01 to 0.03). (A) Vectors describing the direction and relative magnitude of change in the location of
each landmark (landmarks follow Fig. 2; arrows point toward positive PC1 values). (B) Thin-plate spline visualization illustrating the nature of
body shape variation described by the first principal component for body shape (magnified 3x to more clearly illustrate variation; grid
transformations are relative to the mean landmark configuration). The head region is shaded to emphasize differences in relative head size.
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Table 4 Direct, indirect and total effects for the path analysis.

Effect on

Dissolved oxygen

Relative gill size (PC1)

Body shape (PC1) Caudal fin form (PC1)

Variable DE IE TE DE IE TE DE IE TE DE IE TE
Water flow 0.72 - 0.72 - -0.56 -0.56 1.08 -0.96 0.12 0.60 0.11 0.71
Dissolved oxygen - - - -0.78 - -0.78 -0.01 -1.32 -1.33 - -1.27 -1.27
Relative Gill Size (PC1) - - - - - - 1.69 - 1.69 - 1.61 1.61
Body Shape (PC1) - - - - - - - - - 0.95 - 0.95
? 0.54 0.69 0.73 0.86

Direct effects are path coefficients as depicted in Fig. 5. DE = direct effect, IE = indirect effect, TE = total effect. Significant effects (P < 0.05)

are in bold.

higher DO; (2) higher WF resulted in fish with a
relatively more fusiform body shape (e.g. greater anterior
depth); (3) higher WF was directly associated with larger,
higher aspect ratio caudal fins; (4) populations experi-
encing lower DO exhibited relatively larger gills; and (5)
populations with relatively large gills had relatively large
heads. Such correspondence between observations and
predictions suggests that our a priori understanding of the
system’s direct etfects is well founded, and that pheno-
typic shifts likely reflect adaptive responses through
either phenotypic plasticity and/or divergent genetically
based traits. We also found that body shape was associ-
ated with caudal fin form. This association could reflect
phenotypic integration of functionally related traits (e.g.
body morphology might influence caudal fin form
architectonically, or through effects on developmental
pathways) (Olson & Miller, 1958; Pigliucci, 2003;
Pigliucci & Preston, 2004). Further, we found no
evidence for a direct effect of DO on body shape,
although we suspected that such an effect might exist
because of effects of oxygen on growth, development and
gene expression (e.g. Stewart, 1967; Cech, 1984; Rom-
bough, 1988; Secor & Gunderson, 1998; Gracey et al.,
2001; Kajimura et al., 2006).

The use of path analysis provided important insights
into the indirect and total effects observed among factors
in the system. For example, had we simply examined the
bivariate relationship between WF and body shape (i.e.
ignored variation in DO and relative gill size), we would
have detected a nonsignificant association in the opposite
direction, leading to the false conclusion that WF was not
strongly associated with body shape. This suggests that
prior studies reporting a nonsignificant association, or an
association in the opposite direction of that observed
here, between WF and body shape in fishes might have
actually obtained a spurious result because of indirect
effects of WF on body shape. That is, WF can influence
DO, and thus gill size, which can cause indirect effects on
body shape that mask the direct effects. This is a genuine
possibility in some cases; however, in the present study
we specifically chose populations exhibiting marked

variation in both WF and DO; many previous studies
likely did not examine populations exhibiting such
variation in DO - although, DO is rarely measured and
reported in such studies. We suggest that future studies
examining the relationship between WF and body shape
take DO into consideration in light of the results observed
in this study.

Another interesting finding was that caudal fin form
reflected the influence of multiple environmental factors
and multiple phenotypes, despite having only two direct
effects connecting it to the rest of the system. WF, DO,
relative gill size and body shape all had significant total
effects on caudal fin form, illustrating how some pheno-
types can be influenced by more factors (environmental
and phenotypic) than others. Effects of DO and gill size
on caudal fin form resulted via indirect effects mediated
through body shape. If this apparent phenotypic integ-
ration between body shape and tail form is a general
phenomenon in fishes, it suggests that caudal fins can be
influenced by a large number of factors as body shape is
known to be influenced by numerous selective/inducing
agents and other phenotypic attributes (e.g. Wimberger,
1992; Schluter, 1993; Robinson & Wilson, 1994; Walker,
1997; Robinson et al, 2000; Ruber & Adams, 2001;
Langerhans efal, 2003; Ghalambor eral, 2004;
Langerhans & DeWitt, 2004; Sidlauskas et al., 2006).
Such findings are only possible through an examination
of multiple environmental factors and multiple pheno-
types, coupled with path analysis to distinguish direct
and indirect connections among factors in the system.

Integrative studies examining multiple phenotypes and
multiple selective/inducing agents are required to gain a
more complete understanding of how phenotype and
environment are associated. We employed such an
approach in this study, and revealed how two abiotic
environmental variables directly and indirectly influence
three types of morphological parameters in B. neumayeri.
Through the examination of multiple environmental
factors and multiple traits, we should acquire a better
understanding of phenotype—environment relationships,
even if complex.

© 2007 THE AUTHORS 20 (2007) 1171-1181

JOURNAL COMPILATION © 2007 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Acknowledgments

We thank C. Chapman, E. Reardon and field assistants at
the Makerere University Biological Field Station and
Lake Nabugabo for assistance with various aspects of the
project. We are particularly grateful to B. Robinson and
M. Speirs for their assistance with gill measurements. The
manuscript was improved by comments from C. Klin-
genberg, A. Hendry and an anonymous reviewer. This
work was partially supported by an Environmental
Protection Agency Science to Achieve Results fellowship
(to RBL), and grants from the Society of Wetland
Scientists (to RBL), the National Science Foundation
(IBN-0094393 to LJC), the Wildlife Conservation Society
(to LJC) and McGill University (to LJC). Permission to
conduct research in Uganda was acquired from the
Uganda National Council for Science and Technology
and Makerere University.

References

Ackermann, R.R. & Cheverud, J.M. 2004. Detecting genetic drift
versus selection in human evolution. Proc. Natl Acad. Sci. U. S.
A. 101: 17946-17951.

Adams, D.C., Rohlf, FJ. & Slice, D.E. 2004. Geometric
morphometrics: ten years of progress following the ‘revolu-
tion’. Ital. J. Zool. 71: 5-16.

Akaike, H. 1992. Information theory and an extension of the
maximum likelihood principle. In: Breakthroughs in Statistics
(S. Kotz & N. Johnson, eds), pp. 610-624. Springer-Verlag,
New York.

Allan, J.D. 2004. Stream Ecology: Structure and Function of Running
Waters. Kluwer Academic Publishers, Dordrecht.

Arbuckle, J.L. 2003. Amos 5.0 Update to the Amos User’s Guide.
Smallwaters Corporation, Chicago, IL.

Arbuckle, J.L. & Wothke, W. 1999. Amos 4.0 User’s Guide.
Smallwaters Corporation, Chicago, IL.

Blake, R.W. 1983. Fish Locomotion. Cambridge University Press,
Cambridge.

Blake, R.W. 2004. Fish functional design and swimming
performance. J. Fish Biol. 65: 1193-1222.

Boily, P. & Magnan, P. 2002. Relationship between individual
variation in morphological characters and swimming costs in
brook charr (Salvelinus fontinalis) and yellow perch (Perca
flavescens). J. Exp. Biol. 205: 1031-1036.

Bollen, K.A. & Stine, R.A. 1992. Bootstrapping goodness-of-fit
measures in structural equation models. Sociol. Methods Res. 21:
205-229.

Bond, A.N. 1960. An analysis of the response of salamander gills
to changes in the oxygen concentration of the medium. Dev.
Biol. 2: 1-20.

Bookstein, F.L. 1991. Morphometric Tools for Landmark Data.
Cambridge University Press, New York.

Bouton, N., De Visser, J. & Barel, C.D.N. 2002. Correlating
head shape with ecological variables in rock-dwelling
haplochromines (Teleostei: Cichlidae) from Lake Victoria.
Biol. J. Linn. Soc. 76: 39-48.

Brauner, C.J. & Val, A.L. 2005. Oxygen transfer. In: The
Physiology of Tropical Fishes (A. L. Val, V. M. F. De Almeida-

© 2007 THE AUTHORS 20 (2007) 1171-1181

Complex environmental effects on traits 1179

Val & D. J. Randall, eds), pp. 277-306. Academic Press,
Amsterdam.

Brinsmead, J. & Fox, M.G. 2002. Morphological variation
between lake- and stream-dwelling rock bass and pumpkin-
seed populations. J. Fish Biol. 61: 1619-1638.

Burggren, W.W. & Mwalukoma, A. 1983. Respiration during
chronic hypoxia and hyperoxia in larval and adult bullfrogs
(Rana catesbeiana). 1. Morphological responses of lungs, skin
and gills. J. Exp. Biol. 105: 191-203.

Burnham, K.P. & Anderson, D.R. 2002. Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach.
Springer-Verlag, New York.

Butynski, T.M. 1990. Comparative ecology of blue monkeys
(Cercopithicus mitis) in high- and low-density subpopulations.
Ecol. Monogr. 60: 1-26.

Carrington, E. 2002. The ecomechanics of mussel attachment:
from molecules to ecosystems. Integr. Comp. Biol. 42: 846-852.

Caumul, R. & Polly, P.D. 2005. Phylogenetic and environmental
components of morphological variation: skull, mandible, and
molar shape in marmots (Marmota, Rodentia). Evolution 59:
2460-2472.

Cech, J.J. 1984. Comparative growth of juvenile white sturgeon
and striped bass: effects of temperature and hypoxia. Estuaries
7: 12-18.

Chapman, L.J. & Hulen, K.G. 2001. Implications of hypoxia for
the brain size and gill morphometry of mormyrid fishes.
J. Zool. 254: 461-472.

Chapman, LJ. & Liem, K.F. 1995. Papyrus swamps and the
respiratory ecology of Barbus neumayeri. Environ. Biol. Fish. 44:
183-197.

Chapman, L.J., Chapman, C.A., Crisman, T.L. & Nordlie, F.G.
1998. Dissolved oxygen and thermal regimes of a Ugandan
crater lake. Hydrobiologia 385: 201-211.

Chapman, L.J., Chapman, C.A., Brazeau, D.A., McLaughlin, B.
& Jordan, M. 1999. Papyrus swamps, hypoxia, and faunal
diversification: variation among populations of Barbus neu-
mayeri. J. Fish Biol. 54: 310-327.

Chapman, L.J., Galis, F. & Shinn, J. 2000. Phenotypic plasticity
and the possible role of genetic assimilation: hypoxia-induced
trade-offs in the morphological traits of an African cichlid.
Ecol. Lett. 3: 387-393.

Chapman, L.J.,, Chapman, C.A., Nordlie, F.G. & Rosenberger,
A.E. 2002. Physiological refugia: swamps, hypoxia tolerance
and maintenance of fish diversity in the Lake Victoria region.
Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 133: 421-437.

Collyer, M.L., Novak, J.M. & Stockwell, C.A. 2005. Morpholo-
gical divergence of native and recently established populations
of White Sands Pupfish (Cyprinodon tularosa). Copeia 00: 1-11.

Corbet, P.S. 1961. The food of non-cichlid fishes in Lake Victoria
basin with remarks on their evolution and adaptation to
lacustrine conditions. Proc. Zool. Soc. Lond. 136: 1-101.

Cushing, C.E. & Allan, J.D. 2001. Streams: Their Ecology and Life.
Academic Press, San Diego, CA.

Denny, M.W. 1988. Biology and the Mechanics of the Wave-swept
Environment. Princeton University Press, Princeton, NJ.

Denny, M.W. 1994. Extreme drag forces and the survival of
wind-swept and water-swept organisms. J. Exp. Biol. 194: 97—
115.

DeWitt, T.J. & Langerhans, R.B. 2003. Multiple prey traits,
multiple predators: keys to understanding complex commu-
nity dynamics. J. Sea Res. 49: 143-155.

JOURNAL COMPILATION © 2007 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



1180 R. B. LANGERHANS ET AL.

DeWitt, T.J. & Scheiner, S.M. 2004. Phenotypic Plasticity. Func-
tional and Conceptual Approaches. Oxford University Press, New
York.

Felsenstein, J. 1976. The theoretical population genetics of
variable selection and migration. Annu. Rev. Genet. 10: 253—
280.

Galis, F. & Barel, C.D.N. 1980. Comparative functional mor-
phology of the gills of African lacustrine Cichlidae (Pisces,
Teleostei): an ecomorphological approach. Neth. J. Zool. 30:
392-430.

Gaylord, B., Hale, B.B. & Denny, M.W. 2001. Consequences of
transient fluid forces for compliant benthic organisms. J. Exp.
Biol. 204: 1347-1360.

Ghalambor, C.K., Reznick, D.N. & Walker, J.A. 2004. Con-
straints on adaptive evolution: the functional trade-off
between reproduction and fast-start swimming performance
in the Trinidadian guppy (Poecilia reticulata). Am. Nat. 164: 38—
50.

Gould, S.J. & Lewontin, R.C. 1979. The spandrels of San Marco
and the panglossian paradigm: a critique of the adaptationist
programme. Proc. R. Soc. Lond. B 205: 581-598.

Gracey, A.Y., Troll, J.V. & Somero, G.N. 2001. Hypoxia-induced
gene expression profiling in the euryoxic fish Gillichthys
mirabilis. Proc. Natl Acad. Sci. U. S. A. 98: 1993-1998.

Greenwood, P.H. 1962. A revision of certain Barbus (Pisces,
Cyprinidae) from east, central and south Africa. Bull. Br. Mus.
(Nat. Hist.) Zool. 8: 151-208.

Greenwood, P.H. 1966. The Fishes of Uganda. The Uganda
Society, Kampala.

Hendry, A.P., Wenburg, J.K., Bentzen, P., Volk, E.C. & Quinn,
T.P. 2000. Rapid evolution of reproductive isolation in the
wild: evidence from introduced salmon. Science 290: 516—
518.

Hendry, A.P., Kelly, M.L., Kinnison, M.T. & Reznick, D.N. 2006.
Parallel evolution of the sexes? Effects of predation and
habitat features on the size and shape of wild guppies. J. Evol.
Biol. 19: 741-754.

Hoverman, J.T., Auld, J.R. & Relyea, R.A. 2005. Putting prey
back together again: integrating predator-induced behavior,
morphology, and life history. Oecologia 144: 481-491.

Hubbs, C.L. 1941. The relation of hydrological conditions to
speciation in fishes. In: A Symposium on Hydrobiology (J. G.
Needham, P. B. Sears & A. Leopold, eds), pp. 182-195.
University of Wisconsin Press, Madison, WI.

Imre, 1., McLaughlin, R.L. & Noakes, D.L.G. 2002. Phenotypic
plasticity in brook charr: changes in caudal fin induced by
water flow. J. Fish Biol. 61: 1171-1181.

Jacobsen, D. 2000. Gill size of trichopteran larvae and oxygen
supply in streams along a 4000-m gradient of altitude. J. N.
Am. Benthol. Soc. 19: 329-343.

Johnson, A.S. & Koehl, M.A.R. 1994. Maintenance of dynamic
strain similarity and environmental stress factor in different
flow habitats: thallus allometry and material properties of a
giant kelp. J. Exp. Biol. 195: 381-410.

Kajimura, S., Aida, K. & Duan, C.M. 2006. Understanding
hypoxia-induced gene expression in early development: in
vitro and in vivo analysis of hypoxia-inducible factor 1-
regulated zebra fish insulin-like growth factor binding protein
1 gene expression. Mol. Cell Biol. 26: 1142-1155.

Keast, A. & Webb, D. 1966. Mouth and body form relative to
feeding ecology in the fish fauna of a small lake, Lake
Opinicon, Ontario. J. Fish. Res. Board Can. 23: 1845-1874.

Kline, R.B. 2005. Principles and Practice of Structural Equation
Modeling. The Guilford Press, New York.

Koehl, M.A.R. 1996. When does morphology matter? Annu. Rev.
Ecol. Syst. 27: 501-542.

Lampert, W., Sommer, U. & Haney, J.F. 1997. Limnoecology: The
Ecology of Lakes and Streams. Oxford University Press, Oxford.

Lande, R. & Arnold, S.J. 1983. The measurement of selection on
correlated characters. Evolution 37: 1210-1226.

Langerhans, R.B. & DeWitt, T.J. 2004. Shared and unique
features of evolutionary diversification. Am. Nat. 164: 335-
349.

Langerhans, R.B., Layman, C.A., Langerhans, A.K. & Dewitt,
T.J. 2003. Habitat-associated morphological divergence in two
Neotropical fish species. Biol. J. Linn. Soc. 80: 689-698.

Levins, R. 1968. Evolution in Changing Environments. Princeton
University Press, NJ.

Lighthill, M.J. 1975. Mathematical Biofluiddynamics. Society for
Applied and Industrial Mathematics, Philadelphia, PA.

Lowell, R.B. 1987. Safety factors of tropical versus temperate
limpet shells: multiple selection pressures on a single struc-
ture. Evolution 41: 638-650.

Marcus, L.E., Corti, M., Loy, A., Naylor, G.J.P. & Slice, D.E. 1996.
Advances in Morphometrics. Plenum Press, New York.

Marks, C., West, T.N., Bagatto, B. & Moore, F.B.G. 2005.
Developmental environment alters conditional aggression in
zebrafish. Copeia 901-908.

McGuigan, K., Franklin, C.E., Moritz, C. & Blows, M.W. 2003.
Adaptation of rainbow fish to lake and stream habitats.
Evolution 57: 104-118.

McLaughlin, R.L. & Grant, JJW.A. 1994. Morphological and
behavioral differences among recently-emerged brook charr,
Salvelinus fontinalis, foraging in slow-running vs fast-running
water. Environ. Biol. Fishes 39: 289-300.

Mitchell, R.J. 1992. Testing evolutionary and ecological hypo-
theses using path analysis and structural equation modeling.
Funct. Ecol. 6: 123-129.

Mitchell, R.J. 2001. Path analysis: pollination. In: Design and
Analysis  of Ecological Experiments (S. M. Scheiner &
J. Gurevitch, eds), pp. 217-234. Oxford University Press,
Oxford.

Olowo, J.P. & Chapman, L.J. 1996. Papyrus swamps and
variation in the respiratory behaviour of the African fish
Barbus neumayeri. Afr. J. Ecol. 34: 211-222.

Olson, E.C. & Miller, R.L. 1958. Morphological Integration.
University of Chicago Press, Chicago, IL.

Pakkasmaa, S. & Piironen, J. 2000. Water velocity shapes
juvenile salmonids. Evol. Ecol. 14: 721-730.

Pigliucci, M. 2001. Phenotypic Plasticity. Beyond Nature and Nature.
Johns Hopkins University Press, Baltimore, MD.

Pigliucci, M. 2003. Phenotypic integration: studying the
ecology and evolution of complex phenotypes. Ecol. Lett. 6:
265-272.

Pigliucci, M. & Murren, C.J. 2003. Genetic assimilation and
a possible evolutionary paradox: can macroevolution some-
times be so fast as to pass us by? Evolution 57: 1455-
1464.

Pigliucci, M. & Preston, K. 2004. The Evolutionary Biology of
Complex Phenotypes. Oxford University Press, New York.

Roast, S.D. & Jones, M.B. 2003. Morphometrics and gill
function in Gammarus duebeni (Peracarida: Amphipoda)
inhabiting a sewage treatment works. Mar. Ecol.-Prog. Ser.
260: 189-194.

© 2007 THE AUTHORS 20 (2007) 1171-1181

JOURNAL COMPILATION © 2007 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



Robinson, B.W. & Wilson, D.S. 1994. Character release and
displacement in fishes: a neglected literature. Am. Nat. 144:
596-627.

Robinson, B.W., Wilson, D.S. & Margosian, A.S. 2000. A
pluralistic analysis of character release in pumpkinseed
sunfish (Lepomis gibbosus). Ecology 81: 2799-2812.

Rohlf, F.J. 2004a. TpsDig. Department of Ecology and Evolution,
State University, Stony Brook, NY.

Rohlf, F.J. 2004b. TpsRegr. Department of Ecology and Evolu-
tion, State University, Stony Brook, NY.

Rohlf, F.J. & Marcus, L.E. 1993. A revolution in morphometrics.
Trends Ecol. Evol. 8: 129-132.

Rombough, P.J. 1988. Respiratory gas exchange, aerobic meta-
bolism, and effects of hypoxia during early life. In: The
Physiology of Developing Fish: Eqgs and Larvae (W. S. Hoar & D. J.
Randall, eds), pp. 59-161. Academic Press, San Diego, CA.

Ruber, L. & Adams, D.C. 2001. Evolutionary convergence of
body shape and trophic morphology in cichlids from Lake
Tanganyika. J. Evol. Biol. 14: 325-332.

Schaack, S. & Chapman, L.J. 2003. Interdemic variation in the
African cyprinid Barbus neumayeri: correlations among hypox-
ia, morphology, and feeding performance. Can. J. Zool. 81:
430-440.

Schaack, S. & Chapman, L.J. 2004. Interdemic variation in the
foraging ecology of the African cyprinid, Barbus neumayeri.
Environ. Biol. Fishes 70: 95-105.

Schluter, D. 1993. Adaptive radiation in sticklebacks: size, shape,
and habitat use efficiency. Ecology 74: 699-709.

Schluter, D. 2000. The Ecology of Adaptive Radiation. Oxford
University Press, Oxford.

Secor, D.H. & Gunderson, T.E. 1998. Effects of hypoxia and
temperature on survival, growth, and respiration of juvenile
Atlantic sturgeon, Acipenser oxyrinchus. Fish. Bull. 96:
603-613.

Shipley, B. 1997. Exploratory path analysis with applications in
ecology and evolution. Am. Nat. 149: 1113-1138.

© 2007 THE AUTHORS 20 (2007) 1171-1181

Complex environmental effects on traits 1181

Sidlauskas, B., Chernoff, B. & Machado-Allison, A. 2006.
Geographic and environmental variation in Bryconops sp cf.
melanurus (Ostariophysi: Characidae) from the Brazilian
Pantanal. Ichthyol. Res. 53: 24-33.

Slatkin, M. 1987. Gene flow and the geographic structure of
natural populations. Science 236: 787-792.

Smits, J.D., Witte, F. & VanVeen, F.G. 1996. Functional changes
in the anatomy of the pharyngeal jaw apparatus of Astator-
eochromis alluaudi (Pisces, Cichlidae), and their effects on
adjacent structures. Biol. J. Linn. Soc. 59: 389-409.

Stewart, N.E. 1967. Influence of oxygen concentration on
growth of juvenile largemouth bass. J. Fish. Res. Board Can.
24: 475-494.

Timmerman, C.M. & Chapman, L.J. 2004. Hypoxia and inter-
demic variation in Poecilia latipinna. J. Fish Biol. 65: 635-650.

Videler, J.J. 1993. Fish Swimming. Chapman & Hall, London.

Vogel, S. 1994. Life in Moving Fluids. Princeton University Press,
Princeton.

Walker, J.A. 1997. Ecological morphology of lacustrine three-
spine stickleback Gasterosteus aculeatus L. (Gasterosteidae) body
shape. Biol. J. Linn. Soc. 61: 3-50.

Webb, P.W. 1984. Body form, locomotion, and foraging in
aquatic vertebrates. Am. Zool. 24: 107-120.

West-Eberhard, M.J. 2003. Developmental Plasticity and Evolution.
Oxford University Press, Oxford.

Wimberger, P.H. 1992. Plasticity of fish body shape: the effects of
diet, development, family and age in two species of Geophagus
(Pisces, Cichlidae). Biol. J. Linn. Soc. 45: 197-218.

Wright, S. 1934. The method of path coefficients. Ann. Math. Stat.
5: 161-215.

Zelditch, M.L., Swiderski, D.L., Sheets, H.D. & Fink, W.L. 2004.
Geometric Morphometrics for Biologists: A Primer. Elsevier Aca-
demic Press, London.

Received 7 August 2006; revised 5 October 2006; accepted 29 October
2006

JOURNAL COMPILATION © 2007 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



