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Abstract—Ruffe Gymnocephalus cernuus length—weight
data from 141 data sets were obtained from a variety of waters
across Europe and the Laurentian Great Lakes for summari-
zation and development of standard weight (W) equations.
The mean slopes of the length—weight relationships from all
populations and for all percentiles except the 95th percentile
were not different from 3.0, suggesting that ruffe growth is
generally isometric. The W equations developed using the
regression line percentile, linear empirical percentile (EmP),
and Froese’s methods exhibited length-related biases. The
quadratic EmP W, equations for the 75th and 50th percentiles
did not exhibit length-related biases and thus can be used to
compute the relative weight of ruffe. The EmP 75th percentile
W equation was log,,(W,5) = —2.5800 + 0.6210- log, (total
length, TL) + 0.6073- [log, 0(TL)JZ, and the 50th percentile W
equation was log,(W,)) = —3.3524 + 1.3969-log, (TL)
+0.4054- [logm(TL)]2 when constrained to ruffe between 55
and 205 mm TL. We propose that the minimum TL for a five-
cell length categorization system used to compute stock
indices for ruffe be 55, 90, 120, 140, and 175 mm TL. These
results provide a method for computing relative weight indices
for typical (50th percentile) and above-average (75th percen-
tile) ruffe; this method will allow comparisons of body
condition across time, among habitats, among bodies of water,
and among length categories.

The rufte Gymnocephalus cernuus is a percid that is
native to systems throughout most of Europe and Asia
(Ogle 1998). In recent decades, ruffe have been
accidentally introduced into a number of lakes in
Europe (Matthey 1966; Ogle 1998; Winfield et al.
2002; Lorenzoni et al. 2007) and the Laurentian Great
Lakes in North America (Pratt et al. 1992; Gunderson
et al. 1998). Ruffe may form a large part of the overall
fish biomass in native or invaded systems (Duncan
1990; Bronte et al. 1998; Winfield et al. 2007), serve as
a primary prey component for some predators (Adams
1991; Dorner et al. 2007), prey upon the eggs of other
species (Selgeby 1998; Winfield et al. 2004), and
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compete with other fish for limited food resources
(Dieterich et al. 2004; Schleuter and Eckmann 2006;
Lorenzoni et al. 2007).

Modeling the relationship between length and
weight of a species of fish has been considered a
routine analysis for which the results do not warrant
publication (Froese 2006) or has been scorned as being
of little value (Hilborn and Walters 2001). However,
the recent review of methods and the meta-analysis of a
large number of length—weight relationships by Froese
(2006) demonstrated that a synthetic analysis of
length—weight relationships for a species can provide
important insights into the ecology of that species.

One important and commonly used metric that can
be derived from summaries of length—weight relation-
ships for a species is relative weight (W ; Wege and
Anderson 1978). Summaries of W _can be used as a
surrogate measure of the general “health” of the fish
(Brown and Murphy 1991; Neumann and Murphy
1992; Jonas et al. 1996; Brown and Murphy 2004;
Kaufman et al. 2007; Rennie and Verdon 2008; but
also see Copeland et al. 2008) as well as the
environment (Liao et al. 1995; Blackwell et al. 2000;
Rennie and Verdon 2008). Thus, w. summaries may be
used as an indirect means for evaluating ecological
relationships and the effects of management strategies
(Murphy et al. 1991; Blackwell et al. 2000).

Relative weights are computed as the ratio of
observed weight to standard weight (W; Wege and
Anderson 1978). Standard weight equations are
computed using the regression line percentile (RLP)
method (Murphy et al. 1990, 1991; Blackwell et al.
2000), the empirical percentile (EmP) method (Gerow
et al. 2005), or the method proposed by Froese (2006;
hereafter, the Froese method). Both the RLP and EmP
methods attempt to construct a W, equation such that
the equation “yield(s) approximately the 75th percen-
tile of mean weights among populations of the target
species for fish of all lengths within the range of
applicable lengths” (Gerow et al. 2005). In contrast, the
W, equation from the Froese method is an attempt to
represent the “mean weight derived from a mean
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length—weight relationship for the respective species”
(Froese 2006). Until recently, the RLP method had
been considered the “accepted method for W, equation
development” (Blackwell et al. 2000). Gerow et al.
(2004, 2005) provided a critique of the RLP method
and introduced the EmP method as a potential
improvement. Empirical results from recent studies
are equivocal about whether the RLP or EmP method
produces W equations without a length-based bias
(Richter 2007; Rennie and Verdon 2008).

The use of the 75th percentile as the standard for
developing the W, equation has also come under some
scrutiny (Froese 2006; W. Hubert, U.S. Geological
Survey, Wyoming Cooperative Fish and Wildlife
Research Unit, personal communication). While the
choice to use the 75th percentile may seem arbitrary, it
may be reasonable in the context of managing an
exploited fishery where an objective might be to
maintain a population of fish that are in better-than-
average body condition. However, this metric may be
inappropriate when the goal of using the metric is to
gain understanding of the ecology of the species. For
example, given its general nuisance status, it is difficult
to imagine a management goal of maintaining a
population of ruffe characterized by larger-than-
average body condition. In these instances, it may
make more sense for the standard to be a mean or
median rather than the 75th percentile. The Froese
method uses a mean as the standard, and both the RLP
and EmP methods can be easily modified to use the
median as the standard.

A global measure for assessing body condition for
ruffe would help in understanding its impact on
ecosystems in invaded waters and its response to
management actions. Thus, our primary objectives
were to develop W equations for ruffe by using the
RLP, EmP, and Froese methods and to examine the
characteristics of the developed W  equations for
computing W _of ruffe. For the RLP and EmP methods,
we developed equations for both the traditional 75th
percentile and the 50th percentile as an option to those
researchers who want to summarize the body condition
of ruffe relative to a median fish rather than an “above-
average” 75th percentile fish. Finally, we also
summarized the length—weight regressions from all
available populations to provide a general character-
ization of ontogenetic changes in ruffe body shape.

Methods

Data set selection.—In addition to our own data,
data describing paired length—weight measurements
were obtained from researchers across the geographical
range of ruffe. Researchers that provided data were
asked to include information about the year and month

in which the sample was collected, length measurement
type (i.e., standard length [SL], fork length [FL], or
total length [TL]), and the precision of measured
lengths and recorded weights. Data from separate
locations on geographically large (e.g., Lake Superior)
or long (e.g., Danube River) bodies of water were
considered as separate analytical units. Data from
multiple years from the same location were also
considered as separate analytical units, with the
exception of most data from locations in Sweden that
were pooled across years because there were generally
very small numbers of fish from several years. Data
from different years were considered separately
because in many instances, these data were from
locations where ruffe were recently introduced and
were collected in the years soon after their discovery
(i.e., all data from the Great Lakes, UK, and Lake
Piediluco; with notable exceptions of Lake Peipsi,
Saidenbach Reservoir, and Lake Vortsjarv). As ruffe
populations generally increase dramatically after intro-
duction (Maitland and East 1989; Bronte et al. 1998;
Winfield et al. 2004), we assumed that density-
dependent factors would be important and would
reduce year-to-year dependence. In addition, this
choice will allow the W equations we develop to better
represent the variability in mean weights present across
both spatial and temporal scales.

The data sets that we received were cleaned and
screened by following nine sequential steps in order to
implement quality control across the wide variety of
collection methods.

First, all fish with an unknown capture date and
those captured in April or May were excluded to
reduce the possible effect of mature gonads on the
length—weight relationship. Second, all fish that were
measured imprecisely (>*1 mm) were excluded.
Third, all fish for which the precision of the weighing
scale was less than or equal to 20% of the fish’s weight
were excluded to reduce the effect of imprecise
weighing of fish (Gutreuter and Krzoska 1994).

Fourth, fish that were large outliers on the location-
specific plot of log, (W) versus loglo(TL)—l.O% of
the individuals at this stage of the cleaning—were
excluded because it was not feasible to check the
original data records for corrections. All excluded
individuals were either outside the 99% prediction
interval or were one of a very few number of
individuals (three or less) that were substantially
shorter than the bulk of the individuals for the data set.

Fifth, fish measured with only SL or FL were
converted to TL by using a location-specific linear
conversion model or a general linear conversion model
developed from all fish from all data sets where at least
two types of length measurements were recorded. The



852

location-specific conversion models used were

TL = 2.3710 4+ 1.1731- SL
[mean square error (MSE) = 2.144, R* = 0.9877)

for Lake Peipsi and

TL = 1.5680 + 1.1904+ SL
(MSE = 1.397; R* = 0.9905)

for Lake Vortsjarv.
The general conversion models used were

TL = 2.5706 + 1.1732- SL
(MSE = 2.140; R*> = 0.9915)

and

TL = 1.0858 + 1.0517-FL
(MSE = 1.185; R* = 0.9985).

The conversion was made by using the appropriate
model to predict TL from the given SL or FL and then
adding a random value derived from a normal
distribution with a mean of zero and SD equal to the
square root of the residual MSE of the linear
conversion model.

Sixth, all remaining data sets with fewer than 20
individuals were excluded. Seventh, we plotted the
variance : [mean| ratios for log, (W) by 5-mm TL
increments (Guy et al. 1990; Murphy et al. 1990) using
pooled data from all remaining data sets to determine
that the variance:|mean| ratio sharply decreased and
remained suitably small (less than 2%) for fish larger
than 55 mm TL. Thus, all fish with a TL less than 55
mm were excluded.

Eighth, all remaining data sets with fewer than 20
individuals were excluded. Ninth, all remaining data
sets with an R*-value less than 0.900 from the linear
regression of log, (W) on log,,(TL) were excluded.

Once the data sets were cleaned and screened as
defined above, the log-transformed length—weight
regression was fit to each data set. An examination of
the plot of estimated slopes versus estimated intercepts
(Figure 1; Pope et al. 1995; Brown and Murphy 1996;
Froese 2006) did not indicate any outlier data sets that
should be further excluded from analysis. The 141 data
sets that met all of these criteria were then randomly
divided into two sets (results of the length—weight
regressions can be found in Appendix Tables A.1 and
A.2 of the online version of this article available at http://
dx.doi.org/10.1577/M08-176.A1). The development set
of 91 data sets was used to develop the W equations, and
the validation set of 50 data sets was used to assess
potential length bias in the W equations. The different
number of data sets in the development and validation
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Fiure 1.—Estimated intercepts log, (@) versus estimated
slopes (b) for the log, , transformed length—weight regressions
of ruffe from all data sets in both the development and
validation sets. Confidence intervals (95%) are shown along
each axis for each parameter from both the development and
validation sets.

sets was purposely chosen so that the larger number of
development data sets assured wide geographic and
water type (e.g., rivers, lakes) coverage when developing
the W equations while allowing enough validation data
sets to adequately assess the potential for length-related
biases in the W equations.

Length—weight regression summaries.—The esti-
mated intercept and slope values from the length—
weight regression for each individual cleaned data set
were summarized to provide a general description of
the length—weight relationship for ruffe. We used a
one-sample r-test to determine if the mean slope
computed from all 141 data sets differed from three,
which would suggest ontogenetic changes in the shape
of ruffe (Froese 2006). In addition, we fit quantile
regressions (Koenker and Bassett 1978; Cade and
Noon 2003) to all quantiles between 0.05 and 0.95 in
steps of 0.05 from each of the 141 cleaned log-
transformed length—weight data sets to provide insights
into the length—weight relationship throughout the
distribution of paired length—weight data rather than
just at the central tendency as with linear regression. A
difference from three for the mean slope for each
quantile computed across all data sets was tested by
whether the confidence interval (CI) for the slope
contained 3.0 or not.

Significant differences in mean slope or mean
intercept between data sets in the development and
validation sets were tested for with a two-sample r-test.
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In addition, we used a chi-square test to determine if
there was a difference in the proportions of data sets
that exhibited a slope that was significantly less than
three, equal to three, or significantly greater than three
between the development and validation sets.

All tests were computed with the R version 2.9.0
statistical programming language (R Development
Core Team 2009) and used a 0.05 level of significance.
Quantile regressions were conducted with quantreg
version 4.27 (Koenker 2009) for R.

Developing the W, equation—The RLP technique,
as developed by Murphy et al. (1990), and the EmP
technique, as developed by Gerow et al. (2005), were
applied with functions written in R (R functions are
available from D.H.O.). Because it is median unbiased
regardless of the distribution of the data (Hyndman and
Fan 1996), we used quantile definition 8 from
Hyndman and Fan (1996) rather than definition 6 used
by Murphy et al. (1990) or definition 9 used by Gerow
et al. (2005). We used 10-mm-wide TL categories for
both the RLP and EmP methods and a quadratic
regression of the log-transformed length—weight data
with the EmP method as suggested by Gerow et al.
(2005). The W, equations developed with the RLP and
EmP methods using the 75th and 50th percentiles were
labeled as W_, or W, respectively. The Froese
method was applied by computing the mean slope
and mean intercept from the length—weight regressions
for each data set as described in Froese (2006). The W,
equation developed from the Froese method is labeled
as vaean

Assessing length-related bias—We assessed poten-
tial length bias in the derived W equations with two
methods. First, we used the method of Willis et al.
(1991; hereafter, the Willis method) in which a chi-
square test is used to determine if the distribution of
significant positive and negative slopes from the
regression of W _ (calculated with the proposed W
equation) against TL for each fish in each data set in
the validation set is even. Second, we used a
modification of the empirical quartiles method (EmpQ;
Gerow et al. 2004) to determine if the quadratic
regression of 75th or 50th percentile (for RLP and EmP
W equations) or mean (for the Froese w equation) of
the mean weights standardized by the proposed W.
equation against the TL category midpoints had a slope
of zero. The dependent response variable in the EmpQ
regression differed between the RLP-EmP and Froese
methods because of the nature of the standard for the
different methods. In contrast to Gerow et al. (2004),
our quadratic regression was weighted by the number
of data sets used to determine the 75th percentile, 50th
percentile, or mean of the mean weight in each length
category. An even distribution of positive and negative

slopes (Willis method) and linear and quadratic
coefficients that are equal to zero (EmpQ method)
indicate the lack of a length bias (Murphy et al. 1990;
Gerow et al. 2004).

Five-cell length categories for stock density indi-
ces.—Murphy et al. (1991) suggested that the overall
mean W]_ for a data set should not be computed unless it
can be shown that the mean W _does not differ for fish
among the cells of the five-cell length categorization
system proposed by Gabelhouse (1984) for the
calculation of stock density indices. We applied
Gabelhouse’s (1984) criteria to develop minimum TL
of ruffe for each of the five cells by using a “world
record” TL that was the largest TL observed in all data
sets available to us, rounded up to the nearest 10-mm
value. We modified the names of the five length
categories to be more appropriate for the nongame
ruffe.

Results and Discussion
Data Sets

For all 141 data sets, the mean slope was 2.9944
(95% CI=2.9698-3.0190) and the mean intercept was
—4.9245 (95% CI = —4.9724 to —4.8766). The mean
slope from all 141 data sets was not statistically
different from 3.0 (t =—0.4473; df = 140; P =0.6554).
Among all 141 data sets, 32 data sets had a slope
significantly less than 3.0, and 26 had a slope
significantly greater than 3.0. A mean slope determined
from a large number of data sets generally covering the
geographic range of the ruffe and several years of
samples (Froese 2006) and that was not different from
3.0 suggests that ruffe growth is generally isometric
(Ricker 1958). Furthermore, the mean slope appeared
to differ from 3.0 for only the largest quantile (0.95;
Figure 2). Thus, the conclusion of isometric growth
appears to hold throughout the distribution of the
length—weight relationships, with the exception of the
largest fish in the upper end of the distribution.

The development set consisted of 14,833 individual
fish in 91 data sets. The validation set consisted of
7,979 individual fish in 50 data sets. Both sets
contained data sets that were distributed geographically
throughout the range of ruffe in Europe and the Great
Lakes (Figure 3). There was no significant difference in
the mean slope (+ = 1.1483, df = 139, P = 0.2528;
Figure 1), mean intercept (t =—0.9527, df =139, P =
0.3424; Figure 1), or proportions of data sets with a
slope statistically less than, equal to, or greater than 3.0
(xz = 0.6328; df = 2; P = 0.7288) between the
development and validation sets.

Development of the RLP W_equation was restricted
to fish less than 215 mm, a value that is 1 mm smaller
than the largest observed TL in all data sets.
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FIGURE 2.—Mean slopes (b; with 95% confidence intervals)
for the length—weight regressions of ruffe for quantiles
between 0.05 and 0.95 (in increments of 0.05) from all data
sets in both the development and validation sets. The
horizontal line at a slope of 3.00 is shown for reference.

Development of the EmP W, equation was restricted to
fish less than 205 mm, which was the endpoint of the
largest length-class in the development set with at least
three data sets (Table 1; Gerow et al. 2005), excluding
the 210-220-mm length-class (n = 3 data sets) because
it produced a large outlier when fitting the EmP
models. The EmpQ method could only be applied to
fish less than 185 mm because that was the endpoint of
the largest length-class in the validation set with at least
three data sets.
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TaBLE 1.—Number of data sets and number of individual
ruffe per 10-mm total length (TL) category (e.g., 60 = 55.0—
64.9-mm TL). Length categories marked with an asterisk were
not used in the development of the linear empirical percentile
standard weight equations.

TL
midpoint (mm) Data sets Individuals
60 63 1,317
70 69 1,564
80 84 2,111
90 88 2,326
100 84 2,041
110 84 1,605
120 77 1,367
130 60 969
140 48 634
150 31 434
160 24 206
170 22 152
180 12 65
190 8 29
200 4 9
210% 3 3
220% 1 1

Standard Weight Equations

The RLP VK75 equation (Table 2) had residuals
(Figure 4A) that exhibited a clear nonlinearity and a
length-related bias as detected with both the EmpQ and
Willis methods (Table 2). The EmpQ method showed a
tendency for longer ruffe to exhibit a larger standard-
ized W, (Figure 4B); thus, the RLP W__ equation tended
to underpredict the W for relatively long fish.

The EmP W_. equation (Table 2) had residuals
(Figure 4A) that exhibited no obvious pattern, although
there were slightly larger residuals in some of the larger
length-classes. No length-related bias was detected
with the Willis or EmpQ methods (Table 2; Figure 4B).
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46°N

45°N
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T T T T L
92°W 90"W 88°W 86°W 84°W

FiGure 3.—Geographic distribution of (A) European and (B) Great Lakes data sets used to develop (gray) and validate (black)
the standard weight equations for ruffe. Some plotted points represent multiple data sets (i.e., same locations sampled in different

years).
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TaBLE 2.—Parameter estimates (log, ,[«] = intercept, b

linear

= linear slope coefficient, bq
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= quadratic coefficient), results

uadratic

of the Willis et al. (1991) length bias detection test (neg =number of data sets with significantly negative slopes; pos =number of
data sets with significantly positive slopes), and P-values for the significance of the linear and quadratic terms in the empirical
quartiles (EmpQ) length bias detection test for each ruffe standard weight (W) equation (75 = 75th percentile; 50 = 50th

percentile).
Parameters® Willis test EmpQ test

Equation* log, ((a) linear quadraie Neg  Pos P linear quadratic
RLP W, —4.9588  3.0286 15 5 0.0414  0.3620 0.0034
EmP W, —2.5800  0.6210 0.6073 15 7 0.1338  0.4401 0.9174
EmP W, —5.0206  3.0612 16 1 0.0003  0.5308 0.0024
RLP W, —4.9573  3.0154 14 5 0.0636  0.2272 0.0750
EmP W, —3.3524 1.3969 0.4054 12 8 0.5034  0.4838 0.9368
EmP W —4.9818  3.0259 14 5 0.0636  0.3844 0.0685
Froese W, —4.9416  3.0050 13 6 0.1671  0.4151 0.0011

Smean

# Equation types are regression line percentile (RLP), linear empirical percentile (EmP), and Froese

(from Froese’s [2006] method).
® All P < 0.0005 with the exception of b,

linear
An EmP W, equation developed without the quadratic
term exhibited a significant length-related bias (Table
2). Thus, the quadratic term in the EmP method
appeared to be warranted.

The RLP W., equation (Table 2) had residuals
(Figure 5A) that exhibited nonlinearity, and a large
residual was present for the smallest length-class. A
slight but nonsignificant length-related bias was
detected with both the EmpQ and Willis methods
(Table 2). Although the length-related bias was not
significant, it was visually apparent that longer ruffe
tended to exhibit a larger standardized W, with the RLP
W, equation (Figure 5B).

The EmP Wso equation (Table 2) had residuals
(Figure 5A) that exhibited no obvious pattern. A
length-related bias was not detected with either the
Willis or EmpQ method (Table 2; Figure 5B). The
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25 (P = 0.1140).

EmP W., equation developed without the quadratic
term exhibited a slight but nonsignificant length-related
bias according to both the Willis and EmpQ methods
(Table 2).

The Froese W~ equation had a significant
curvilinear trend as detected with the EmpQ method
(Table 2). A length-related bias was not detected with
the Willis method (Table 2), however. The W
equation tended to underpredict W, for relatively long
fish (Figure 6).

Murphy et al. (1991) noted that an adequate W,
equation must accurately represent the growth form of
the species. They noted that misrepresentation of the
growth form may be avoided by using a large number
of data sets when developing the W, equation. The W
equations presented here were derived from 91 data
sets, exceeding the minimum of 50 data sets suggested
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FiGure 4.—Residual plot from the (A) model fits and (B) standardized 75th percentile mean weights versus total length (TL)
category midpoints, with weighted quadratic regression fits for the regression line percentile (RLP) and linear empirical
percentile (EmP) methods for obtaining ruffe 75th percentile standard weight equations. The horizontal line at 100 is shown for

reference.
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FiGUrRE 5.—Residual plot from the (A) model fits and (B) standardized 50th percentile mean weights versus total length (TL)
category midpoints, with weighted quadratic regression fits for the regression line percentile (RLP) and linear empirical
percentile (EmP) methods for obtaining ruffe 50th percentile standard weight equations. The horizontal line at 100 is shown for

reference.

by Brown and Murphy (1996) and by the results of
Gerow et al. (2005). In addition, the data sets used to
develop the W equations covered most of the
geographic range of the ruffe and a variety of years
and thus should represent the range of growth forms
found among ruffe populations. Murphy et al. (1991)
also noted that the W _ values computed from a W,
equation should be globally independent of fish length.
In other words, W values computed from individual
data sets may be related to fish length, but there should
be no consistent relationship with fish length across a
large number of data sets. Of the seven proposed W,
equations here, the two quadratic EmP W, equationé
best met this criterion. Therefore, we suggest that only
the quadratic EmP W equations should be used to
derive W _values for ruffe populations.

Five-Cell Length Categories for Stock Density Indices

The longest fish observed in our data sets was a
216-mm TL specimen. Assuming a world record ruffe
TL of 220 mm, we propose that the minimum TL
should be 55 mm for “small” ruffe (42.5% of 22,827
fish observed); 90 mm for “medium” ruffe (38.1%);
120 mm for “large” ruffe (11.9%); 140 mm for “very
large” ruffe (6.9%); and 175 mm for “extremely large”
ruffe (0.71%).

Management Implications

Relative weight is a metric that has been primarily
used to measure body condition of fishes of sport or
commercial interest (see list of W equations in
Blackwell et al. 2000) for the purpose of setting and
assessing management goals. Recently, W equations
have been developed for several nongame fishes

(Bister et al. 2000; Didenko et al. 2004; Richter
2007) so that W _ could be used in population and
community assessments (Bister et al. 2000). As the
ruffe has no sport or commercial utility, the use of a W,
equation for ruffe falls in this latter category. Use of
our proposed EmP-derived W equations will provide
researchers with another metric to understand the
impact of ruffe in invaded waters; compare relative
body condition of ruffe among years, bodies of water,
or habitats; and explore the effects of community

110

105 —

100 T

Standardized Mean Mean Weight

95+

50 100 150
Midpoint TL Category

200

Ficure 6.—Standardized mean of mean ruffe weights
versus total length (TL) category midpoints with the weighted
quadratic fit for the Froese (2006) method of obtaining
standard weight equations.
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dynamics (such as the densities of prey, competitors, or
predators) on ruffe body condition.
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