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Fish growth and degree-days I: selecting a base temperature for
a within-population study
Kyle A. Chezik, Nigel P. Lester, and Paul A. Venturelli

Abstract: Degree-days (DD) are an increasingly popular method for explaining variation in fish growth and development. By
including a base temperature (T,) the DD formula limits calculations to temperatures that are relevant to growth. However, our
review of growth studies shows multiple T, values in use for a given fish species. To determine how T, affects the ability of DD
to explain within-population growth variation, we first show that the ability of DD to describe a growing season is robust to low
values of T,. We then analyze immature length data from eight species and 85 water bodies in North America to show that there
is a broad range of T, values that effectively explain growth variation. Based on these results, we argue that precise T, estimates
are unwarranted for most single-population studies and recommend standard T, values (0, 5, 10, 15 °C). Standardization facili-
tates comparative studies and promotes the use of DD in future research. To this end, we provide equations for converting
annual DD at a given T, to annual DD at a standard T,

Résumé : Les degrés-jours (D]) constituent une méthode de plus en plus usitée pour expliquer les variations associées a la
croissance et au développement des poissons. L’incorporation d’une température de base (T,) dans la formule des DJ limite les
calculs aux températures pertinentes pour la croissance. Un examen des études sur la croissance indique toutefois que de
multiples valeurs de T, sont utilisées pour des espéces de poissons données. Afin de déterminer I’'incidence de T, sur ’adéquation
des DJ pour expliquer les variations de croissance au sein d’une population, nous démontrons d’abord ’adéquation des DJ pour
décrire une période de croissance jusqu’a de faibles valeurs de T,. Nous analysons ensuite des données sur la longueur de
poissons immatures pour huit espéeces et 85 plans d’eau en Amérique du Nord pour démontrer qu’il existe une grande fourchette
de valeurs de T, qui permettent d’expliquer adéquatement les variations de croissance. A la lumiére de ces résultats, nous
postulons que des estimations précises de T, ne sont pas nécessaires pour la plupart des études sur des populations individuelles
et recommandons l'utilisation de valeurs de T, normalisées (0, 5, 10, 15 °C). Une telle normalisation facilite les études compar-
atives et favorisera l'utilisation de DJ dans des travaux futurs. Nous présentons a cet effet des équations pour la conversion de DJ
annuels pour une T, quelconque en D] annuels pour une T, normalisée. [Traduit par la Rédaction)]

experienced over that period. This index is useful for describing
concurrent patterns of growth and development (e.g., Neuheimer
and Grgnkjaer 2012; Venturelli et al. 2010).

Although DDs have been used for decades to describe growth
and development in plants (e.g., Reaumur 1735, cited in Bonhomme
2000) and insects (e.g., Seamster 1950; Thorup 1963), this approach
is rare in fish science, accounting for only 5% of all temperature-
related growth studies between 1980 and 2006 (Neuheimer and

Introduction

The metabolic rate of fish and other ectotherms is largely deter-
mined by the ambient temperature of their environment (Hazel
and Prosser 1974) and increases linearly over a midrange of tem-
peratures (Sharpe and DeMichele 1977). The amount of midrange
ambient thermal energy that an ectotherm has experienced can
be quantified using a degree-day approach (also known as thermal
time, e.g., Trudgill et al. 2005). The degree-day for a single day (DD;

°C-days) is calculated as

TMax + TMin) -T
0

) DD=< 5

where T, and Ty, are the maximum and minimum daily am-
bient temperatures, respectively, and T, (often referred to as the
base or threshold temperature) is the temperature below which
growth or development is nonlinear and effectively zero. When
non-negative DD values are summed over some period of interest,
the resultant cumulative degree-days at a given T, (CDD; ; °C-days)
is an index of the metabolically relevant thermal energ}or that was

Taggart 2007). Relationships between temperature and develop-
ment in fish are well understood (e.g., Morrow and Mauro 1950;
Paloheimo and Dickie 1966; Fry 1971; Kitchell et al. 1977), but for
decades the DD approach was limited to egg development (e.g.,
Wallich 1901). DDs were first applied to growth by Le Cren (1958),
but it was not until the late 1970s that this application began to
increase in popularity (Chezik 2013). This increase appears to have
been facilitated by the use of air temperatures as a surrogate for
surface water temperatures (e.g., Ney and Smith 1975; Colby and
Nepszy 1981). Air temperatures are highly correlated with surface
water temperatures (e.g., Macan and Maudsley 1966; Reuter et al.
2009), and air temperature records are typically more extensive
and complete. Therefore, air temperatures permit growth studies
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Table 1. A summary of published T, values used in growth studies of freshwater fishes within a single water body or localized region.

Adoption

Scientific name Common name Age (s)° T,(°C) Temp.? Justc Reference frequency
Abramis brama Common bream 0 12.8 W 1 Mooij et al. 1994 2
Aplodinotus grunniens Freshwater drum 1-10 9.0 w 2 Braaten and Guy 2002 0
Barbus barbus Barbel 0 13.5 w 3 Baras and Philippart 1999 0
Carassius carassius Crucian carp 0-2 12.0 w 4 Copp et al. 2008 1
Carpiodes carpio River carpsucker 1-8 10 w 2 Braaten and Guy 2002 0
Coregonus clupeaformis Lake whitefish 2-3 5 A 9 Rennie et al. 2009 0
Esox lucius Northern pike Juvenile 7 w 2 Bry et al. 1991 0
Unknown 10 w 5 Frost and Kipling 1967 3
Gobio gobio Gudgeon 0 12 w 9 Cowx 2000 0
Gymnocephalus cernua Ruffe 0 7.6 w 1 Mooijj et al. 1994 0
Lepomis gibbosus Pumpkinseed 0 14 w 2 Murphy et al. 2012 0
Lepomis macrochirus Bluegill 0 14 w 2 Murphy et al. 2011 0
Leuciscus leuciscus Common dace 0 12 W 9 Cowx 2000 0
0 12 w 3 Mills and Mann 1985 4
Lota lota Burbot 1-3 04 w 9 Kjellman and Eloranta 2002 0
Macrhybopsis meeki Sicklefin chub 1-2 10 w 2 Braaten and Guy 2002 0
Micropterus salmoides Largemouth bass 0 0 w 9 Schlosser et al. 2000 0
Morone americana White perch 0 15 w 2 O’Gorman and Burnett 2001 0
Notropis atherinoides Emerald shiner 1-2 7 w 2 Braaten and Guy 2002 0
Oncorhynchus clarkii Cutthroat trout 0 5 w 2 Coleman and Fausch 2007 1
Osmerus eperlanus European smelt 0 -3.6 w 1 Mooij et al. 1994 1
1-2 5 A 7 Power and Attrill 2007 0
Perca flavescens Yellow perch 0 0 w 2 Mills et al. 1989 0
0 4.4 A 9 Ney and Smith 1975 0
0 10 A 9 Ney and Smith 1975 0
2-4 14 w 5 Henderson 1985 0
0 13.5 W 5 Tardif et al. 2005 0
Perca fluviatilis European perch 1 0¢ w 9 Borcherding and Magnhagen 2007 1
0 9.8 w 1 Mooij et al. 1994 4
0 14 w 9 Griffiths and Kirkwood 1995 0
1-14 14 w 2 Le Cren 1958 8
Rhodeus amarus European bitterling 0 12 w 2 Kone¢nd et al. 2009 0
Rutilus rutilus Roach 0 10.2 w 1 Mooij et al. 1994 1
0 11.5 w 1 Mooij and van Tongeren 1990 1
0 12 w 9 Cowx 2000 0
0 12 w 4 Grenouillet et al. 2001 0
0 12 w 4 Nunn et al. 2003 3
1-5 13 w 3 Miiller and Meng 1986 0
0 14 w 3 Broughton and Jones 1978 0
0 14 w 9 Griffiths and Kirkwood 1995 0
0 16 w 3 Kempe 1962 0
0 17.5 w 1 Mooij et al. 1994 1
Salmo salar Atlantic salmon 1 04 w 9 Jonsson et al. 2005 0
Unknown 04 w 9 Skinner et al. 2008 0
Salmo trutta Brown trout 0-1 04 w 8 Bagliniere and Maisse 1990 0
0 04 w 9 Ojanguren and Brafia 2003 0
Sander canadensis Sauger 1-6 5 w 2 Braaten and Guy 2002 0
Sander lucioperca Pikeperch (i.e., zander) 0 10 w 1 Mooij et al. 1994 2
Sander vitreus Walleye 0 5 A 10 Uphoff et al. 2013 0
Semotilus atromaculatus ~ Creek chub 0 0 w 9 Schlosser et al. 2000 0
Squalius cephalus European chub 0 12 w 2 Mann 1976 1
0 12 w 4 Nunn et al. 2003 2
0 04 w 9 Haugen 2000 1
W 4 0

Thymallus thymallus Grayling

Multiple species 0-1 12

Wolter 2007

Note: Adoption frequency refers to the number of times that an estimated T, value was adopted in later studies involving the same species.

aAge-0 refers to young of the year; all other values are age classes.
PTemperature: W = water; A = air.

Justification (why the study chose the given T, value): 1 = fit a growth model (e.g. bioenergetics model), 2 = minimum temperature for physiological process,
3 =goodness of fit (e.g., T, that maximizes r?), 4 = used for common dace (Mills and Mann 1985), 5 = used for European perch (Le Cren 1958), 6 = commonly used in plant
studies, 7 = physiologically relevant to 0. mordax, 8 = used for Atlantic salmon egg survival (Ketola et al. 2000), 9 = none given, 10 = used in Shuter et al.'s 1983

among-population study.
4T, not reported; assumed to be 0 °C.

over large spatial and temporal scales (e.g., Purchase et al. 2005;
Wagner et al. 2007; Latta et al. 2008) and when local time series of
water temperature are incomplete or unavailable (e.g., Rennie
et al. 2009; David 2012; Rypel 2012).

The DD approach to describing fish growth is increasing in
popularity, but a review of the freshwater literature shows a di-
versity of methods for estimating T, and a diversity of T, values
in use for a given species (Table 1). More often than not, T, values
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Fig. 1. Annual temperature curves and associated values of ADD; expressed as a proportion of ADD; _,. Data in panels (a) and (d) are from a
sine curve (eq. 2) with w values of 15 °C (dot-dashed line), 20 °C (dco)tted line), 25 °C (solid line), and 30 C (dashed line). Data in panels (b) and
(e) are from daily 2009 Ty;,, and Ty, values at weather stations (NOAA, unpublished data, National Climatic Data Center) in Bettles, Alaska
(dot-dashed line), Duluth, Minnesota (dotted line), Springfield, Missouri (solid line), and Everglade City, Florida (dashed line). Data in panels (c) and
(f) are from daily mean temperature values taken above the thermocline within Shadow Bay of Lake Chaeukuktuli, Alaska, 2008 (dot-dashed
line) (Darrell S. Kaufman, unpublished data, climatic records from lakes in southern Alaska), Lake Superior, Minnesota, 1992 (NOAA,
unpublished data, index of publications and tech reports) (dotted line), Pillager Lake, Minnesota, 2011 (Andrew Carlson, MNDNR, unpublished
data, 1601 Minnesota Drive, Brainerd, MN 56401, USA) (solid line) and Lake Powell, Utah, 2011 (dashed line) (Wayne Gustaveson, unpublished

data, http://lakepowell.water-data.com/).
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are used without justification. When justification is provided, it is
usually that T, was (i) based on the minimum temperature for
some physiological process (growth, feeding, spawning, etc.),
(ii) estimated via model fitting (e.g., bioenergetics, regression), or
(iii) taken from other (sometimes unrelated) fishes or even plants
(Table 1). Among freshwater species, reported values of T, range
from -3.6 °C for European smelt (Osmerus eperlanus) to 18 °C for
spotted gar (Lepisosteus oculatus). Within species, T, can range from
0 to 14 °C (yellow perch (Perca flavescens); European perch (Perca
fluviatilis)) and take as many as seven different values (roach (Rutilus
rutilus); Table 1). This diversity appears to be due, in part, to a
tendency to estimate T, anew rather than to adopt an existing
estimate (Table 1).

There are at least four potential reasons to be concerned about
the inconsistency with which T, values for fish growth are being
estimated (or simply adopted). First, different approaches to esti-
mating or justifying T, are likely to lead to different values, even
for the same population. For example, T, for roach in a Dutch lake
was 11.5 °C in the lab, 10.2 °C when fitting a growth model to field
data, and 17.5 °C when using this model to predict growth in the
field (Table 1). Second, the same estimation method can yield
different T, values for different populations (e.g., goodness of fit
applied to roach; Table 1), which suggests that we must estimate T,
for every population. Third, different T, values can lead to differ-
ences in the ability of DDs to explain or predict growth. These
differences arise because T, determines the extent to which DDs
integrate thermal energy that is relevant to growth. This point
argues for the adoption of a single, robust estimation method
across studies and cautions against adopting T, values from differ-
ent species. Finally, variation in T, hinders the comparison and
interpretation of DDs and growth rates among populations and

studies. For example, whereas Abbey and Mackay (1991) reported a
yellow perch growth rate of 0.02 mm-(°C-day)~ using T, Power and
van den Heuvel (1999) reported 0.09 mm-(°C-day)~! when using T, .

In this study we address potential concerns over variation in T,
among within-lake studies of DDs and growth. Specifically, we use
simulated and empirical data to (i) determine how variation in T,
affects the ability of DDs to account for within-lake variation in
immature growth and (ii) identify the scope for standardized T,
values in future within-lake growth studies. Our interest is in T,
from an applied rather than a theoretical perspective. In theory,
there is a precise, species- or population-specific temperature be-
low which growth rate is effectively zero (Charnov and Gillooly
2003), and it is therefore appropriate to set T, to this value. How-
ever, if the ability of DDs to explain growth is robust to T,, then
from an applied perspective, it is appropriate to abandon precise
T, estimates in favour of a standardized value or set of values.

The effect of T, on degree-days

Alogical first step in determining how the ability of DDs to explain
growth changes with T, is to determine how DDs themselves change
with T,. To this end, we assumed that annual temperature cycles are
well approximated by a sine curve (Arnold 1959; Shuter et al. 1983).
Annual degree-days above some T, (ADD; ; °C-days) are then given by
the area under this curve (Baskerville and Emin 1969):

(2) ADD, = %[w f *sintdt - f “(r, - TMeanmt]

0 )

TMax - TMin
Max M o :
2 1S

where t is day in year, 365 is the cycle period, w = Mean
Fig. 1a). To determine

T, - T,
mean annual temperature, and 6 = —oMean (
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Table 2. Species-specific summary of fish data from both the OMNR and MNDNR.

Scientific name Common name Water bodies ADD, range Cohorts Fish

Catostomus commersonii White sucker 1 2523-3083 6 54
Coregonus artedi Cisco 1 2617-3132 5 135
Esox lucius Northern pike 1 2482-3084 5 113
Lepomis macrochirus Bluegill 2 2584-3637 1 116
Morone chrysops White bass 1 3153-3863 6 62
Perca flavescens Yellow perch 8 2517-3567 93 3652
Sander canadensis Sauger 6 2295-4110 86 2 680
Sander vitreus Walleye 81 1886-4110 976 40 674

Note: ADD,, range is the observed range of annual degree-days above 0 °C across all cohorts and water bodies, and cohorts refer to
the number of unique age classes in a given sampling year summed across all sampling years and water bodies. OMNR, Ontario
Ministry of Natural Resources; MNDNR, Minnesota Department of Natural Resources.

the effect of T, on ADDT , we used eq. 2 to calculate ADD, for all
integer values of T, in the range 0 to 30 °C and for four Values of w
(15, 20, 25, and 30 °C). Increasing the threshold (T,) decreased the
summable area under the curve (i.e., ADD; ) and increasing w
increased available thermal energy (i.e., decreased latitude). For
each w, we then expressed each value of ADD; as a proportion of
ADD; (Fig. 1d). Results suggest that ADD,, ADDT _, for arange
of T, values >1°C and that the extent of th1s plateau increases with
w (F1g 1d). In other words, a 1 °C change at low T, results in
relatively similar ADD; values, while a 1 °C change at high T,

results in relatively d1fferent ADD, values. We observed a s1m1lar
pattern in both air (Figs. 1b and 1e) and water (Figs. 1c and 1f)
temperature data from the Gulf Coast to Alaska. Overall, these
results suggest that our ability to describe a growing season using
DDs is largely robust to T, regardless of medium, provided that T,
is not too large (or w is not too small).

The effect of T, on explained variation in growth

If our ability to describe a growing season using DDs is robust to
T,, then our ability to use DDs to explain growth within a popula-
tion should also be robust to T,. To test this hypothesis, we com-
piled fish and temperature data from Ontario, Canada, and
Minnesota, USA, and regressed cohort length-at-age of each pop-
ulation against cumulative DDs for a range of T, values. We used
the coefficient of determination (r2) of each length|DD regression
as a measure of the effect of T, on explained variation in species-
specific growth within a water body. This method has been devel-
oped independently by Baras and Philippart (1999) and Neuheimer
and Taggart (2007) and was applied to a population of walleye
(Sander vitreus) by Venturelli et al. (2010). We used the goodness of
fit (r?) approach and empirical rather than simulated growth data
to test our hypothesis because (i) the 2 approach allowed us to
both identify and evaluate the performance of each T, value,
(i) empirical growth data integrate both direct (i.e., metabolic)
and indirect (i.e., productivity-based) temperature effects, and
(ifi) we are ultimately interested in the ability of DDs to explain
growth in natural environments.

Methods

Fish data

We created a database of individual fish records that combined
the Ontario Ministry of Natural Resources (OMNR) fall walleye
index netting database (1993-2008) with the Minnesota Depart-
ment of Natural Resources (MNDNR) statewide database (2001-
2011) and supplemental data (2001-2011) from Minnesota’s ten
large lakes (Winnibigoshish, Rainy, Vermillion, Leech, Cass, Pe-
pin, Mille Lacs, Kabetogama, Lake of the Woods, and Upper Red
Lake). Minnesota data were collected between March and Decem-
ber using a variety of methods (e.g., electrofishing, gillnetting,
trap-netting, trawling, trot-lining, seining, angling). Ontario data
were collected between September and November using mul-
timesh gillnets set overnight at multiple depths (Morgan 2002).

For each fish we were interested in the following information:
water body, sample date (day, month, and year), species, age
(years), total length (L; mm), maturity, and aging structure. We
focused on immature fish so that our analyses of somatic growth
were not confounded by the allocation of surplus energy to repro-
duction. This approach can create a small bias in the growth tra-
jectory if it removes the fast-growing (i.e., early-maturing) fish
from the oldest cohort(s). We also focused on fish that were aged
using a reliable aging structure or sampled at the start or end of
the growing season. We avoided unreliable aging structures be-
cause the accuracy of the DD assignment depended on the accu-
racy of age estimates (see next section). We assigned reliability to
different aging structures using a combination of expert opinion
(Mike McInerny, MNDNR, 23070 N. Lakeshore Drive, Glenwood,
MN 55041, USA; Susan Mann, OMNR, 479 Government Road,
P.O. Box 730, Dryden, ON P8N 2Z4, Canada) and the literature
(Campbell and Babaluk 1979; Graeb et al. 2010; Schneider 2001;
Soupir et al. 1997; Trippel and Harvey 1991). For example, we as-
sumed that only age-0 fish were accurately aged in the field and
that only walleye <age-5 were accurately aged using scales. We
also used expert opinion (MNDNR) to define the growing season as
June through August, inclusive. We avoided records that were
sampled during this period because there is currently no vali-
dated protocol for combining whole- and partial-season DDs in a
single analysis.

Our final database contained 47 486 fish records represent-
ing eight species from 64 water bodies in Ontario, Canada, and
21 water bodies in Minnesota, USA (Table 2). Walleye comprised
the majority of the database (86% of all fish), followed by other
percid species (14%).

Temperature data

We assigned CDD; values to each fish by summing the annual
DDs that each fish eaxperienced prior to capture. This approach
required time series estimates of ADD, for each water body. For
water bodies in Minnesota, we calculated ADD, time series (2001-
2011) using 100 km? resolution maps of kr1g1ng-mterpolated air
temperature data (Ty;, and Ty,,,)- These data were collected from
automated weather stations owned and operated by the National
Weather Service and assembled and processed by the Minnesota
State Climatology Office-MNDNR. We calculated ADD;. by apply-
ing eq. 1to daily Ty;,, and Ty, values from the grid pomt closest to
the centroid of the water body of interest and then summing
across non-negative DD values in that year. Because our objective
was to determine the effect of T, on explained variation in growth,
we repeated these DD calculations for each integer value of T, in
the range 0-30 °C (the range of water temperatures that a temper-
ate, freshwater fish is likely to experience in a given growing
season). Thus, we generated a unique time series of ADD, values
for all water bodies and T, values. For water bodies in Ontano we
obtained ADD, time series (1981-2008) using the Historical Cli-
mate Analysis Tool (Cross et al. 2012), which automatically applied
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the above protocol to 1 kin? resolution maps of kriging-interpolated
Tyin and Ty, data.

We used age, together with capture year and month, to deter-
mine the CDD, that each fish experienced prior to capture. Be-
cause fish are aged to a January 1 birthday (Holden and Raitt 1974),
we used different summation rules for different capture months.
For fish captured during the period January to May (i.e., after their
common birthday but before the start of a growing season), we
summed ADD,; across the previous n growing seasons, where
n is the age ofﬂ the fish in years. Thus, if a 2-year-old fish was
captured in January 2005, we calculated CDD; as the sum of ADD;,
values from 2003 to 2004. For fish captureﬁ during the perlocf
September to December (i.e., before their common birthday but
after the previous growing season), we calculated CDD; by sum-
ming ADD, across the previous n + 1 growing seasons, begmmng
with the current year of capture. Thus, if a 2-year-old fish was
captured in September 2005, we summed ADD;. T, values from 2003
to 2005.

Statistical analyses

Our analyses included populations for which we had =5 cohorts
distributed over =3 age classes that each contained =5 individuals
(sexes combined). We set these minima to ensure that growth was
accurately described and not unduly influenced by outliers. For
each population, we calculated mean length-at-age for each co-
hort. Here “cohort” refers to an age class observed during a sam-
pling event rather than a group of fish that hatched in the same
year. This means if we had multiple years of data for a given
population, a single age class typically had several mean length
estimates (e.g., Fig. 2). We assumed the length (L) of immature fish
could be described by a linear model

(3 L=mCDD; +b

where CDD; is the thermal age for a given T,. We used ordinary
least squares to estimate parameters mand b and the coefficient of
determination (r?) for a range of T, values (0 to 30 °C) — see
example in Fig. 2. We then plotted r2 against T, to examine how
goodness of fit varied with temperature threshold.

Statistically speaking, the relative goodness of fit of different
models should be evaluated using AIC because (i) r? is an inappro-
priate method for comparing models when the range of the ex-
planatory variable varies among models (which was the case in
our study), and (ii) r? is biased towards models with large ranges in
the explanatory variable (Maindonald and Braun 2007). However,
whereas both approaches produced qualitatively (and almost
quantitatively) identical results, r? also quantifies the strength of
the relationship and there is precedence for this approach (Baras
and Philippart 1999; Neuheimer and Taggart 2007; Venturelli et al.
2010).

Results

Across species and water bodies (Fig. 3), the r2 method revealed
a wide range of T, values that were effective at describing growth.
For all eight species in our database, 12 values were similar for
small values of T,. Beyond this plateau, r? dropped off quickly
or became erratic. Erratic behaviour at high T, was common for
species or water bodies that had low sample sizes (i.e., few cohorts
or fish per cohort). This plateau in r? was evident in all 81 walleye
populations in our analysis and had a median value of 14 °C (range
6-21 °C; Fig. 4). Although Fig. 1 suggests that the length of the 12
plateau increases with the length of the growing season and w in
eq. 2, we found no evidence in walleye that the r? plateau in-
creased with mean ADD, ranging from 2157 to 3733 °C-days (df =
79, r2 = 0.04, p value = 0.062). Visual inspection of each regression
and associated diagnostic plots indicated the assumptions of the
linear model were met.

51

Fig. 2. Example mean cohort length-at-age given CDDT regression
analysis at T, = 0 °C (dot-dashed line), 5 °C (dotted line), "10 °C (solid
line), and 15 °C (dashed line). Data are from walleye in Cass Lake,
Minnesota. Number points show the age in years of each cohort.
Each regression had 36 degrees of freedom, p values < 0.05, and

r2 values > 0.97.
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Discussion

In the Introduction, we described four concerns over the incon-
sistency with which T, values are being estimated (or adopted) in
within-lake growth studies: (i) different approaches applied to the
same population are likely to lead to different T, values, (ii) iden-
tical approaches applied to different populations are likely to lead
to different T, values, (iii) different T, values can lead to differ-
ences in the ability of DDs to explain or predict growth, and
(iv) variation in T, hinders the comparison and interpretation of
DDs and growth rates among populations and studies. Our results
suggest that, from an applied perspective, concerns i—iii are
largely unfounded; within a given water body, there is a broad
range of T, values that are almost equally effective at explaining
variation in growth. This pattern was consistent across the eight
freshwater species (Fig. 3) and among the 81 walleye populations
in this study (Fig. 4). It was also apparent in 21 other freshwater
and marine species (Baras and Philippart 1999; supplemental ma-
terial for Neuheimer and Taggart 2007). This broad range of effec-
tive T, values has little to do with limitations on growth at
temperatures approaching 0 °C. Rather, it stems from an inherent
property of the DD approach, namely that ADD,; values become
increasingly similar as T, approaches 0 °C (Fig. 1) These results
suggest that there is little benefit in precisely estimating T, when
describing growth within a water body. Indeed, given that T, esti-
mates are likely to vary across methods, populations, and species
(Table 1), increased precision is costly in that it complicates com-
parisons across populations and studies (concern iv).

The lack of a need to precisely estimate T, for a given water body
and the benefit of being able to compare results across popula-
tions and studies provides ample scope for adopting standard T,
values when describing fish growth. To this end, we recommend
standardized T, values of 0, 5, 10, and 15 °C for growth studies
involving freshwater fishes in temperate and Arctic water bodies.
These standards are widely used in agronomy and entomology
(Pruess 1983) and are common in engineering (e.g., heating and
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Fig. 3. The coefficient of determination (r2) for the relationship between total length (mm) and CDD;. over a range of T, values for (a) white
sucker in Lake of the Woods, Ontario (see Table 2), (b) cisco in Leech Lake, Minnesota (see Table 2), (c),onorthern pike in La Cloche Lake,
Ontario (see Table 2), (d) bluegill in Pumushe Lake, Minnesota (63 individuals across six cohorts), (¢) white bass in Lac Qui Parle, Minnesota
(see Table 2), (f) yellow perch in Lake Mille Lacs, Minnesota (2299 individuals, 26 cohorts), (g) sauger in Lake Pepin, Minnesota (859 individuals,
21 cohorts), and (h) walleye in Lake Pepin, Minnesota (616 individuals, 26 cohorts). Black circles show the approximate extent of each 2 plateau.
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Fig. 4. The coefficient of determination (r2) for the relationship
between total length (mm) and CDD;. over a range of T, values,
averaged over 81 walleye populationsa in Minnesota (n = 20) and
Ontario (n = 61). The solid line is a LOESS fit (« = 0.65) to all data
combined, and the shaded area is the 95% confidence interval.
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cooling DDs). As such, air temperature-based DD data for each of
these standards are widely available. These standards should ap-
ply equally well to marine fishes (at least in temperate and Arctic
waters; supplemental material for Neuheimer and Taggart 2007)
and processes other than growth (e.g., maturation) because the

correlation between ADD,; values is an inherent property of
the DD. '

Standardization does not imply that a single threshold model
is the best way to account for variation in growth. The bioen-
ergetics literature clearly shows that growth in fish is a com-
plex function of temperature, rather than the simple step
function that is assumed by the DD approach; growth rate
typically increases as temperature approaches an optimal value
and then declines as temperature exceeds the optimum (e.g.,
Kitchell et al. 1977; Hanson et al. 1997 — Wisconsin Bioenerget-
ics model). Although a single threshold model can approximate
the rise in growth with temperature, it does not account for a
reduction at high temperature. Thus, the single threshold DD
approach assumes that more heat is always better. However, stan-
dardization is appropriate for the DD approach because there is a
range of T, values that effectively explain growth in a given spe-
cies, and these ranges of values overlap considerably among spe-
cies (Fig. 3). We provide multiple standardized values so as to
accommodate the disparate thermal preferences among species
(e.g., cold-, cool-, and warm-water species; Magnuson et al. 1979)
and simplify the task of assigning a single T, to a given species or
community.

To facilitate the use of 0, 5, 10, and 15 °C as T, standards in fish
science, we used air-based annual DD data from 303 water bodies
in Ontario for the period 1981-2008 (n = 8484 water body years) to
derive the following linear conversion equation:

(4)  ADD; =i+ s-ADD;

where

(5) i=aT,, +a,

and
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Table 3. Parameter values and range limits for using eq. 4 to convert annual degree-days at a given T, (ADDTO X) to

annual degree-days at one of four T, standards (ADDT" y).

Intercept

parameter values Slope parameter values
Standard T, range ADDT range ADDT SE
T, (°C) a, a, as a, as limit (°C) limit (°C days) and (o )
0 126.00 -32.44 0.05 0.99 — 0-8 1809-3725 46 (0.61)
5 96.04 -446.21 1.31 -0.08 0.81 0-12 922-2425 37(0.32)
10 68.61 -681.79 1.66 -0.05 113 2-16 45-1464 26 (0.36)
15 35.98 -544.76 3.77 -0.36 0.75 8-19 43-743 17 (0.24)

Note: Parameter values were estimated for each standard T, by fitting curves to describe how the slope and intercept of
the ADDT IADDT relatlonshlp changed with T, (CurveExpert Professional 1.6.5). Only ADDT IADDT regressions with an 12 > 0.90
were inclided when describing these relationships. The T, , range limit indicates the range of T, values from which conversion is
appropriate, and the ADDT range limit indicates the range of ADD values to which conversion is appropriate. Conversion outside of
either of these ranges is hkeiy toresultin greater prediction error (ADDT SE) We estimated prediction error and its standard deviation

via bootstrap validation of eq. 4 (1 x 104 iterations).

as-T,, + a, TD’}, =0
(6) s = 1

—05, T >0
a; + a, Ty

0.y

and where ADD; is observed annual degree-days, T, , is the T,
value being converted ADD, is predicted annual degree days
at the T, standard of interest’ (0, 5, 10, or 15 °C), and a,—as are
constants (Table 3). Because we estimated parameter values using
of ADDp. IADDT  relationships for which > 2 0.90, each standard

model has an ADDT IADDT r2 value of 0.91 £ 0.006 provided
that T, and ADD; are within prescnbed range limits (see Table 3).
Wlthout further study, we recommend against using eq. 4 to con-
vert among DDs based on water temperatures. Although air and
water temperatures are both highly correlated at a given location
and well approximated by a sine curve (Fig. 1), these sine curves
and the ADD; values that result from them are different because
annual air and water profiles do not share the same Ty;.,,,, W, OT
cycle period.

The argument for adopting standardized base temperatures
when applying DDs to fish growth is essentially this: if one is
interested in using DDs to describe growth, and the ability of DDs
to describe growth is robust to T, (as we have shown), then the
benefits of standardizing T, far outweigh the costs. We acknowl-
edge that standardization can result in a marginal reduction in
explanatory and predictive power and will certainly preclude cer-
tain types of analyses (e.g., among-species comparisons of the
extent to which DDs explain growth). However, standardization
eliminates the need to identify T, values for each population and
study, facilitates comparative studies, and promotes the use of
DDs in future research. When the use of a standard T, value is
untenable, our advice is to follow published precedent. Following
precedent for identifying T, values relevant to growth should en-
sure a modicum of standardization. If T, must be estimated with
precision, then we recommend setting T, to the minimum tem-
perature for growth. Methods for estimating T, in this way are
described in relevant references in Table 1; see also Charnov and
Gillooly (2003), Gagné and Rodriguez (2008), and Legg et al. (1998).

In this study, we showed that the ability to describe fish growth
in a single population is robust to T, and that there is scope for
adopting standard T, values that are already in use in agronomy
and entomology. However, it remains to be tested whether these
results hold when describing fish growth in multiple populations
or over large spatial scales (e.g., marine stocks). Until this work is
complete, we caution that precise T, might be necessary in certain
studies. We also encourage research to determine the extent to
which our results hold at more southern latitudes and under what
circumstances we should include thermal maxima in DD calcula-
tions. Similarly, further research is needed to determine if cisco
(Coregonus artedi) growth in Leech Lake was best explained using a

ean’

T, of ~20 °C (Fig. 3b). Given that cisco exhibit optimal growth at
18.1 °C and prefer 8.7 to 16.1 °C (Hasnain et al. 2013), this result is
likely a statistical anomaly stemming from a relatively small sam-
ple size. Regardless, it appears that growth in this population is
relatively poorly described by air temperature-derived DDs, and
we wonder if this trend is evident in other populations and cold-
water species. In general, there is also a need to develop protocols
for combining whole- and partial-season DDs in a single analysis
and for converting among T, values when DDs are based on water
temperature. Clearly, there is still much to learn about the use of
DDs in fish science, and we encourage more research to address
these and other questions.

Acknowledgements

We thank the following individuals for help with fish, water
body, and temperature data: Pete Addison, James Cross, Trevor
Middel (all of the OMNR); Gerry Albert, Maggie Gorsuch, Tom
Heinrich, Eric Jensen, Tony Kennedy, Nick Schlesser, Al Stevens,
Ben Vondra, Matt Ward, Duane Williams (all of the MNDNR); Greg
Spoden (Minnesota State Climatology Office); and Fernanda
Cabrini Araujo (Venturelli lab). We are also grateful to Susan
Mann (OMNR) and Mike McInerny (MNDNR) for their professional
opinions on aging structures and to Marcus Beck for technical
guidance. Roger Moon and three anonymous reviewers provided
helpful comments on earlier versions of this manuscript. The
University of Minnesota funded this study.

References

’Abbey, D.H., and Mackay, W.C. 1991. Predicting the growth of age-0 yellow perch
populations from measures of whole-lake productivity. Freshw. Biol. 26(3):
519-525. d0i:10.1111/j.1365-2427.1991.tb01416 .X.

Arnold, C.Y. 1959. The determination and significance of the base temperature
in a linear heat unit system. Proc. Am. Soc. Hortic. Sci. 74: 430-445.

’Bagliniere, J.L., and Maisse, G. 1990. La croissance de la truite commune (Salmo
trutta L.) sur le bassin de Scorff. Bull. Fr. Péche Piscic. 318: 89-101. doi:10.1051/
kmae:1990012.

» Baras, E., and Philippart, J.C. 1999. Adaptive and evolutionary significance of a
reproductive thermal threshold in Barbus barbus. J. Fish Biol. 55(2): 354-375.
doi:10.1111/j.1095-8649.1999.tb00684.x.

» Baskerville, G., and Emin, P. 1969. Rapid estimation of heat accumulation from
maximum and minimum temperatures. Ecology, 50(3): 514-517. d0i:10.2307/
1933912.

» Bonhomme, R. 2000. Bases and limits to using ‘degree.day’ units. Eur. J. Agron.
13(1): 1-10. doi:10.1016/S1161-0301(00)00058-7.

> Borcherding, J., and Magnhagen, C. 2007. Food abundance affects both morphol-
ogy and behaviour of juvenile perch. Ecol. Freshw. Fish, 17(2): 207-218. doi:
10.1111/.1600-0633.2007.00272.X.

» Braaten, P.J., and Guy, C.S. 2002. Life history attributes of fishes along the lati-
tudinal gradient of the Missouri River. Trans. Am. Fish. Soc. 131(5): 931-945.
d0i:10.1577/1548-8659(2002)131<0931:LHAOFA>2.0.CO;2.

’Broughton, N.M., and Jones, N.V. 1978. An investigation into the growth of
0-group roach, (Rutilus rutilus L.) with special reference to temperature. J. Fish
Biol. 12(4): 345-357. doi:10.1111/j.1095-8649.1978.tb04179.x.

Bry, C., Hollebecq, M.G., Ginot, V., Israel, G., and Manelphe, ]J. 1991. Growth

< Published by NRC Research Press


http://dx.doi.org/10.1111/j.1365-2427.1991.tb01416.x
http://dx.doi.org/10.1051/kmae%3A1990012
http://dx.doi.org/10.1051/kmae%3A1990012
http://dx.doi.org/10.1111/j.1095-8649.1999.tb00684.x
http://dx.doi.org/10.2307/1933912
http://dx.doi.org/10.2307/1933912
http://dx.doi.org/10.1016/S1161-0301(00)00058-7
http://dx.doi.org/10.1111/j.1600-0633.2007.00272.x
http://dx.doi.org/10.1577/1548-8659(2002)131%3C0931%3ALHAOFA%3E2.0.CO%3B2
http://dx.doi.org/10.1111/j.1095-8649.1978.tb04179.x

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF MINNESOTA LIBRARIES on 01/03/14
For personal useonly.

54

patterns of pike (Esox lucius L.) larvae and juveniles in small ponds under
various natural temperature regimes. Aquaculture, 97(2-3): 155-168. doi:10.
1016/0044-8486(91)90262-6.

Campbell, J.S., and Babaluk, J.A. 1979. Age determination of walleye, Stizostedion
vitreum vitreum (Mitchill): based on the examination of eight different struc-
tures. Western Region, Fisheries and Marine Service Report 849, Department
of Fisheries and the Environment.

Charnov, E.L., and Gillooly, J.F. 2003. Thermal time: body size, food quality and
the 10 °C rule. Evol. Ecol. Res. 5(1): 43-51.

Chezik, K.C. 2013. Fish growth and degree-days: advice for selecting base tem-
peratures in both within- and among-lake studies. M.S. thesis, University of
Minnesota.

’Colby, P.J., and Nepszy, S.J. 1981. Variation among stocks of walleye (Stizostedion
vitreum vitreum): management implications. Can. J. Fish. Aquat. Sci. 38(12):
1814-1831. doi:10.1139/{81-228.

» Coleman, M.A., and Fausch, K.D. 2007. Cold summer temperature regimes cause
a recruitment bottleneck in age-0 Colorado River cutthroat trout reared in
laboratory streams. Trans. Am. Fish. Soc. 136(3): 639-654. d0i:10.1577/T05-
288.1.

>Copp, G.H., Warrington, S., and Wesley, K.J. 2008. Management of an ornamen-
tal pond as a conservation site for a threatened native fish species, crucian
carp Carassius carassius. Hydrobiologia, 597(1): 149-155. d0i:10.1007/s10750-007-
9220-0.

» Cowx, 1.G. 2000. Potential impact of groundwater augmentation of river flows
on fisheries: a case study from the River Ouse, Yorkshire, UK. Fish. Manage.
Ecol. 7(1-2): 85-96. doi:10.1046/j.1365-2400.2000.00203.x.

Cross, J., Kaukinen, D., Sitch, R., Heringer, A., Smiegielski, A., Hatfield, D.,
Maclsaac, G., and Marshall, T. 2012. Historic Climate Analysis Tool [digital
application]. Edited by O.M.o.N. Resources, Thunder Bay.

David, S.R. 2012. Life history, growth and genetic diversity of the spotted gar
Lepisosteus oculatus from peripheral and core populations. Ph.D. thesis, De-
partment of Natural Resources and Environment, University of Michigan,
Ann Arbor.

» Frost, W.E., and Kipling, C. 1967. A study of reproduction, early life, weight-
length relationship and growth of pike, Esox lucius L., in Windermere. J. Anim.
Ecol. 36(3): 651-693. doi:10.2307/2820.

’Fry, F. 1971. The effect of environmental factors on the physiology of fish. Fish
Physiol. 6: 1-98. doi:10.1016/S1546-5098(08)60146-6.

’Gag‘né, S., and Rodriguez, M.A. 2008. Modelling seasonal increments in size to
determine the onset of annual growth in fishes. J. Fish Biol. 73(1): 153-168.
d0i:10.1111/j.1095-8649.2008.01922.X.

» Graeb, B.D.S., Willis, D.W., Billington, N., Koigi, R.N., and VanDeHey, J.A. 2010.
Age-structured assessment of walleyes, saugers, and naturally produced hy-
brids in three Missouri river reservoirs. N. Am. J. Fish. Manage. 30: 887-897.
d0i:10.1577/M09-091.1.

» Grenouillet, G., Hugueny, B., Carrel, G.A., Olivier, ].M., and Pont, D. 2001. Large-
scale synchrony and inter-annual variability in roach recruitment in the
Rhone River: the relative role of climatic factors and density-dependent pro-
cesses. Freshw. Biol. 46(1): 11-26. doi:10.1046/j.1365-2427.2001.00637.X.

» Griffiths, D., and Kirkwood, R.C. 1995. Seasonal variation in growth, mortality
and fat stores of roach and perch in Lough Neagh, Northern Ireland. J. Fish
Biol. 47(3): 537-554. doi:10.1111/j.1095-8649.1995.tb01920.x.

Hanson, P., Johnson, T., Schindler, D. and Kitchell, J. 1997. Fish bioenergetics 3.0
[digital application|. University of Wisconsin Seagrant Institute, Madison,
Wisc.

» Hasnain, S.S., Shuter, BJ., and Minns, C.K. 2013. Phylogeny influences the
relationships linking key ecological thermal metrics for North American
freshwater fish species. Can. J. Fish. Aquat. Sci. 70(7): 964-972. doi:10.1139/
cjfas-2012-0217.

’Haugen, T.O. 2000. Growth and survival effects on maturation pattern in popu-
lations of grayling with recent common ancestors. Oikos, 90(1): 107-118. doi:
10.1034/j.1600-0706.2000.900111.x.

» Hazel, JR., and Prosser, C.L. 1974. Molecular mechanisms of temperature com-
pensation in poikilotherms. Physiol. Rev. 54(3): 620-677. PMID:4366928.

» Henderson, B.A. 1985. Factors affecting growth and recruitment of yellow perch,
Perca flavescens Mitchill, in South Bay, Lake Huron. J. Fish Biol. 26(4): 449-458.
d0i:10.1111/j.1095-8649.1985.tb04284.x.

Holden, M.J., and Raitt, D.F.S. 1974. Manual of fisheries science. Part 2: Methods
of resource investigation and their application. Edited by Food and Agricul-
ture Organization of the United Nations, Rome.

>Jonsson, N., Jonsson, B., and Hansen, L.P. 2005. Does climate during embryonic
development influence parr growth and age of seaward migration in Atlantic
salmon (Salmo salar)? Can. J. Fish. Aquat. Sci. 62(11): 2502-2508. d0i:10.1139/
f05-154.

Kempe, O. 1962. The growth of the roach (Leuciscus rutilus L.) in some Swedish
lakes. Rep. Inst. Freshw. Res. Drottningholm, 44: 42-104.

» Ketola, H.G., Bowser, P.R., Wooster, G.A., Wedge, L.R., and Hurst, S.S. 2000.
Effects of thiamine on reproduction of Atlantic salmon and a new hypothesis
for their extirpation in Lake Ontario. Trans. Am. Fish. Soc. 129(2): 607-612.
doi:10.1577/1548-8659(2000)129<0607:EOTOR0O>2.0.CO;2.

» Kitchell, J.E., Stewart, D.J., and Weininger, D. 1977. Applications of a bioenerget-
ics model to yellow perch (Perca flavescens) and walleye (Stizostedion vitreum
vitreum). J. Fish. Res. Board Can. 34(10): 1910-1921. doi:10.1139/f77-258.

Can. J. Fish. Aquat. Sci. Vol. 71, 2014

’Kjellman, J., and Eloranta, A. 2002. Field estimations of temperature-dependent
processes: case growth of young burbot. Hydrobiologia, 481(1-3): 187-192.
d0i:10.1023/A:1021249620773.

» Konecnd, M., Jurajda, P., and Reichard, M. 2009. River discharge drives recruit-
ment success of the European bitterling Rhodeus amarus in a regulated river in
central Europe. J. Fish Biol. 74(7): 1642-1650. doi:10.1111/j.1095-8649.2009.
02207.x. PMID:20735661.

» Latta, W.C., Breck, J.E., and Duchon, E.R.M. 2008. Species-area and latitudinal
patterns for Michigan fishes. Am. Midl. Nat. 159(2): 349-363. d0i:10.1674/
0003-0031(2008)159[349:SALPFM]2.0.CO;2.

» Le Cren, E.D. 1958. Observations on the growth of perch (Perca fluviatilis L.) over
twenty-two years with special reference to the effects of temperature and
changes in population density. J. Anim. Ecol. 27(2): 287-334. d0i:10.2307/2242.

Legg, D.E., Van Vleet, S.M,, Lloyd, J.E., and Zimmerman, K.M. 1998. Calculating
lower developmental thresholds of insects from field studies. Recent Res.
Dev. Entomol. 2: 163-171.

» Macan, T.T., and Maudsley, R. 1966. The temperature of a moorland fishpond.
Hydrobiologia, 27(1-2): 1-22. d0i:10.1007/BF00161483.

» Magnuson, ].J., Crowder, L.B., and Medvick, P.A. 1979. Temperature as an ecolog-
ical resource. Am. Zool. 19(1): 331-343. d0i:10.1093/icb/19.1.331.

Maindonald, J., and Braun, W.J. 2007. Data analysis and graphics using R — an
example-based approach. 2nd ed. Einburgh Building, Cambridge University
Press, Cambridge, UK.

Mann, R.H.K. 1976. Observations on the age, growth, reproduction and food of
the chub Squalius cephalus (L.) in the River Stour, Dorset. J. Fish Biol. 8(3):
265-288. d0i:10.1111/j.1095-8649.1976.tb03950.x.

Mills, C.A., and Mann, R.H.K. 1985. Environmentally-induced fluctuations in
year-class strength and their implications for management. ]. Fish Biol.
27(Suppl. sA): 209-226. d0i:10.1111/j.1095-8649.1985.tb03243 x.

Mills, E.L., Sherman, R., and Robson, D.S. 1989. Effect of zooplankton abundance
and body size on growth of age-0 yellow perch (Perca flavescens) in Oneida
Lake, New York, 1975-1986. Can. ]. Fish. Aquat. Sci. 46(5): 880-886. doi:10.
1139/89-113.

> Mooij, W.M., and van Tongeren, O.F.R. 1990. Growth of 0+ roach (Rutilus rutilus) in
relation to temperature and size in a shallow eutrophic lake: comparison of
field and laboratory observations. Can. J. Fish. Aquat. Sci. 47(5): 960-967.
doi:10.1139/f90-110.

> Mooij, W.M., Lammens, E.H.R.R., and Van Densen, W.L.T. 1994. Growth rate of 0+
fish in relation to temperature, body size, and food in shallow eutrophic Lake
Tjeukemeer. Can. J. Fish. Aquat. Sci. 51(3): 516-526. d0i:10.1139/f94-054.

Morgan, G.E. 2002. Manual of instructions — fall walleye index netting (FWIN).
Percid community synthesis, diagnostics and sampling standards working
group. Edited by Ontario Ministry of Natural Resources, Peterborough.

» Morrow, J.E., and Mauro, A. 1950. Body temperatures of some marine fishes.
Copeia, 1950(2): 108-116. d0i:10.2307/1438953.

» Miiller, R., and Meng, H.J. 1986. Factors governing the growth rate of roach
Rutilus rutilus (L.) in pre-alpine Lake Sarnen. Schweiz. Z. Hydrol. 48(2): 135-144.
d0i:10.1007/BF02560193.

’Murphy, S.C., Collins, N.C., and Doka, S.E. 2011. Thermal habitat characteristics
for warmwater fishes in coastal embayments of Lake Ontario. J. Gt. Lakes
Res. 37(1): 111-123. d0i:10.1016/j.jglr.2010.12.005.

’Murphy, S.C., Collins, N.C., and Doka, S.E. 2012. The effects of cool and variable
temperatures on the hatch date, growth and overwinter mortality of a warm-
water fish in small coastal embayments of Lake Ontario. ]J. Gt. Lakes Res.
38(3): 404-412. doi:10.1016/j.jglr.2012.06.004.

P Neuheimer, A.B., and Grenkjeer, P. 2012. Climate effects on size-at-age: growth in
warming waters compensates for earlier maturity in an exploited marine
fish. Glob. Change Biol. 18(6): 1812-1822. d0i:10.1111/j.1365-2486.2012.02673.X.

» Neuheimer, A.B., and Taggart, C.T. 2007. The growing degree-day and fish size-
at-age: the overlooked metric. Can. J. Fish. Aquat. Sci. 64(2): 375-385. doi:10.
1139/f07-003.

’Ney, JJ., and Smith, LL. 1975. First-year growth of the yellow perch, perca
flavescens, in the Red Lakes, Minnesota. Trans. Am. Fish. Soc. 104(4): 718-725.
doi:10.1577/1548-8659(1975)104<718:FGOTYP>2.0.CO;2.

» Nunn, A.D., Cowx, L.G., Frear, P.A., and Harvey, J.P. 2003. Is water temperature an
adequate predictor of recruitment success in cyprinid fish populations in
lowland rivers? Freshw. Biol. 48(4): 579-588. d0i:10.1046/j.1365-2427.2003.
01033.x.

» 0’Gorman, R., and Burnett, J.A.D. 2001. Fish community dynamics in northeast-
ern Lake Ontario with emphasis on the growth and reproductive success of
yellow perch (Perca flavescens) and white perch (Morone americana), 1978 to
1997. J. Gt. Lakes Res. 27(3): 367-383. doi:10.1016/S0380-1330(01)70652-1.

’Ojanguren, AF., and Braiia, F. 2003. Thermal dependence of embryonic growth
and development in brown trout. J. Fish Biol. 62(3): 580-590. doi:10.1046j.
1095-8649.2003.00049.x.

» Paloheimo, J.E., and Dickie, L.M. 1966. Food and growth of fishes. II. Effects of
food and temperature on the relation between metabolism and body weight.
J. Fish. Res. Bd. Can. 23(6): 869-908. doi:10.1139/f66-077.

» Power, M., and Attrill, M.J. 2007. Temperature-dependent temporal variation in
the size and growth of Thames estuary smelt Osmerus eperlanus. Mar. Ecol.
Prog. Ser. 330: 213-222. doi:10.3354/meps330213.

» power, M., and van den Heuvel, M. 1999. Age-0 yellow perch growth and its

< Published by NRC Research Press


http://dx.doi.org/10.1016/0044-8486(91)90262-6
http://dx.doi.org/10.1016/0044-8486(91)90262-6
http://dx.doi.org/10.1139/f81-228
http://dx.doi.org/10.1577/T05-288.1
http://dx.doi.org/10.1577/T05-288.1
http://dx.doi.org/10.1007/s10750-007-9220-0
http://dx.doi.org/10.1007/s10750-007-9220-0
http://dx.doi.org/10.1046/j.1365-2400.2000.00203.x
http://dx.doi.org/10.2307/2820
http://dx.doi.org/10.1016/S1546-5098(08)60146-6
http://dx.doi.org/10.1111/j.1095-8649.2008.01922.x
http://dx.doi.org/10.1577/M09-091.1
http://dx.doi.org/10.1046/j.1365-2427.2001.00637.x
http://dx.doi.org/10.1111/j.1095-8649.1995.tb01920.x
http://dx.doi.org/10.1139/cjfas-2012-0217
http://dx.doi.org/10.1139/cjfas-2012-0217
http://dx.doi.org/10.1034/j.1600-0706.2000.900111.x
http://www.ncbi.nlm.nih.gov/pubmed/4366928
http://dx.doi.org/10.1111/j.1095-8649.1985.tb04284.x
http://dx.doi.org/10.1139/f05-154
http://dx.doi.org/10.1139/f05-154
http://dx.doi.org/10.1577/1548-8659(2000)129%3C0607%3AEOTORO%3E2.0.CO%3B2
http://dx.doi.org/10.1139/f77-258
http://dx.doi.org/10.1023/A%3A1021249620773
http://dx.doi.org/10.1111/j.1095-8649.2009.02207.x
http://dx.doi.org/10.1111/j.1095-8649.2009.02207.x
http://www.ncbi.nlm.nih.gov/pubmed/20735661
http://dx.doi.org/10.1674/0003-0031(2008)159%5B349%3ASALPFM%5D2.0.CO%3B2
http://dx.doi.org/10.1674/0003-0031(2008)159%5B349%3ASALPFM%5D2.0.CO%3B2
http://dx.doi.org/10.2307/2242
http://dx.doi.org/10.1007/BF00161483
http://dx.doi.org/10.1093/icb/19.1.331
http://dx.doi.org/10.1111/j.1095-8649.1976.tb03950.x
http://dx.doi.org/10.1111/j.1095-8649.1985.tb03243.x
http://dx.doi.org/10.1139/f89-113
http://dx.doi.org/10.1139/f89-113
http://dx.doi.org/10.1139/f90-110
http://dx.doi.org/10.1139/f94-054
http://dx.doi.org/10.2307/1438953
http://dx.doi.org/10.1007/BF02560193
http://dx.doi.org/10.1016/j.jglr.2010.12.005
http://dx.doi.org/10.1016/j.jglr.2012.06.004
http://dx.doi.org/10.1111/j.1365-2486.2012.02673.x
http://dx.doi.org/10.1139/f07-003
http://dx.doi.org/10.1139/f07-003
http://dx.doi.org/10.1577/1548-8659(1975)104%3C718%3AFGOTYP%3E2.0.CO%3B2
http://dx.doi.org/10.1046/j.1365-2427.2003.01033.x
http://dx.doi.org/10.1046/j.1365-2427.2003.01033.x
http://dx.doi.org/10.1016/S0380-1330(01)70652-1
http://dx.doi.org/10.1046/j.1095-8649.2003.00049.x
http://dx.doi.org/10.1046/j.1095-8649.2003.00049.x
http://dx.doi.org/10.1139/f66-077
http://dx.doi.org/10.3354/meps330213

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF MINNESOTA LIBRARIES on 01/03/14
For personal useonly.

Chezik et al.

relationship to temperature. Trans. Am. Fish. Soc. 128(4): 687-700. doi:10.
1577/1548-8659(1999)128<0687:AYPGAI>2.0.CO;2.

Pruess, K.P. 1983. Day-degree methods for pest management. Environ. Entomol.
12(3): 613-619.

» purchase, C.E., Collins, N.C., Morgan, G.E., and Shuter, B.J. 2005. Predicting life
history traits of yellow perch from environmental characteristics of lakes.
Trans. Am. Fish. Soc. 134(5): 1369-1381. d0i:10.1577/T04-182.1.

Reaumur, R.A. 1735. Observations du thermomeétre faites pendant I’annee
MDCCXXXV comparées a celles qui ont été faites sous la ligne a I'Isle-de-
France, a Alger et en quelques-unes de nos Isles de ’Amerique. Memoires de
I’Academie Royal des Sciences. pp. 545-576.

» Rennie, M.D., Sprules, W.G., and Johnson, T.B. 2009. Factors affecting the growth
and condition of lake whitefish (Coregonus clupeaformis). Can. J. Fish. Aquat.
Sci. 66(12): 2096-2108. doi:10.1139/F09-139.

P Reuter, R., Badewien, T.H., Bartholomi, A., Braun, A., Liibben, A., and
Rullkétter, J.R. 2009. A hydrographic time series station in the Wadden Sea
(southern North Sea). Ocean Dynam. 59(2): 195-211. doi:10.1007/s10236-009-
0196-3.

’Rypel, A.L. 2012. Meta-analysis of growth rates for a circumpolar fish, the north-
ern pike (Esox lucius), with emphasis on effects of continent, climate and
latitude. Ecol. Freshw. Fish, 21(4): 521-532. doi:10.1111/j.1600-0633.2012.
00570.x.

» Schlosser, 1J., Johnson, ].D., Knotek, W.L., and Lapinska, M. 2000. Climate vari-
ability and size-structured interactions among juvenile fish along a lake-
stream gradient. Ecology, 81(4): 1046-1057. d0i:10.2307/177177.

Schneider, J.C. 2001. Aging scales of walleye, yellow perch, and northern pike.
Mich. Dept. Nat. Res., Fisheries Technical Report 2001-1, Fisheries Division.

» Seamster, A.P. 1950. Developmental studies concerning the eggs of Ascaris
lumbricoides var. suum. Am. Midl. Nat. 43(2): 450-470. d0i:10.2307/2421913.

’Sharpe, PJ., and DeMichele, D.W. 1977. Reaction kinetics of poikilotherm devel-
opment. J. Theor. Biol. 64(4): 649-670. doi:10.1016/0022-5193(77)90265-X.
PMID:846210.

» Shuter, B.J., Schlesinger, D.A., and Zimmerman, A.P. 1983. Empirical predictors
of annual surface water temperature cycles in North American lakes. Can. J.
Fish. Aquat. Sci. 40(10): 1838-1845. d0i:10.1139/f83-213.

» skinner, L.A., Schulte, P.M., LaPatra, S.E., Balfry, S.K., and McKinley, R.S. 2008.

55

Growth and performance of Atlantic salmon, Salmo salar L., following admin-
istration of a rhabdovirus DNA vaccine alone or concurrently with an
oil-adjuvanted, polyvalent vaccine. J. Fish Dis. 31(9): 687-697. doi:10.1111fj.
1365-2761.2008.00945.x. PMID:18786031.

>Soupir, C.A., Blackwell, B.B., and Brown, M.L. 1997. Relative precision among
calcified structures for white bass age and growth assessment. J. Freshw.
Ecol. 12(4): 531-538. d0i:10.1080/02705060.1997.9663567.

» Tardif, D., Glémet, H., Brodeur, P., and Mingelbier, M. 2005. RNA/DNA ratio and
total length of yellow perch (Perca flavescens) in managed and natural wet-
lands of a large fluvial lake. Can. J. Fish. Aquat. Sci. 62(10): 2211-2218. doi:10.
1139/f05-137.

’Thorup, J. 1963. Growth and life-cycle of invertebrates from Danish springs.
Hydrobiologia, 22(1-2): 55-84. d0i:10.1007/BF00039682.

’Trippel, E.A., and Harvey, H.H. 1991. Comparison of methods used to estimate
age and length of fishes at sexual maturity using populations of white sucker
(Catostomus commersoni). Can. J. Fish. Aquat. Sci. 48(8): 1446-1459. d0i:10.1139/
91-172.

’Trudgill, D.L., Honek, A, Li, D., and van Straalen, N.M. 2005. Thermal time —
concepts and utility. Ann. Appl. Biol. 146(1): 1-14. doi:10.1111/j.1744-7348.2005.
04088.x.

>Uphoff, C.S., Schoenebeck, C.W., Hoback, W.W., Koupal, K.D., and Pope, K.L.
2013. Degree-day accumulation influences annual variability in growth of
age-0 walleye. Fish. Res. 147: 394-398. doi:10.1016/j.fishres.2013.05.010.

» Venturelli, P.A., Lester, N.P., Marshall, T.R., and Shuter, B.J. 2010. Consistent
patterns of maturity and density-dependent growth among populations of
walleye (Sander vitreus): application of the growing degree-day metric. Can. J.
Fish. Aquat. Sci. 67(7): 1057-1067. doi:10.1139/F10-041.

’Wagner, T., Bremigan, M.T., Cheruvelil, K.S., Soranno, P.A., Nate, N.A., and
Breck, J.E. 2007. A multilevel modeling approach to assessing regional and
local landscape features for lake classification and assessment of fish growth
rates. Environ. Monit. Assess. 130(1-3): 437-454. do0i:10.1007/s10661-006-
9434-z. PMID:17106775.

Wallich, C. 1901. A method of recording egg development for use of fish-
culturists. Report of Commissioner of Fish and Fisheries. pp. 185-195.

» Wolter, C. 2007. Temperature influence on the fish assemblage structure in a
large lowland river, the lower Oder River, Germany. Ecol. Freshw. Fish, 16(4):
493-503. doi:10.1111/j.1600-0633.2007.00237.X.

< Published by NRC Research Press


http://dx.doi.org/10.1577/1548-8659(1999)128%3C0687%3AAYPGAI%3E2.0.CO%3B2
http://dx.doi.org/10.1577/1548-8659(1999)128%3C0687%3AAYPGAI%3E2.0.CO%3B2
http://dx.doi.org/10.1577/T04-182.1
http://dx.doi.org/10.1139/F09-139
http://dx.doi.org/10.1007/s10236-009-0196-3
http://dx.doi.org/10.1007/s10236-009-0196-3
http://dx.doi.org/10.1111/j.1600-0633.2012.00570.x
http://dx.doi.org/10.1111/j.1600-0633.2012.00570.x
http://dx.doi.org/10.2307/177177
http://dx.doi.org/10.2307/2421913
http://dx.doi.org/10.1016/0022-5193(77)90265-X
http://www.ncbi.nlm.nih.gov/pubmed/846210
http://dx.doi.org/10.1139/f83-213
http://dx.doi.org/10.1111/j.1365-2761.2008.00945.x
http://dx.doi.org/10.1111/j.1365-2761.2008.00945.x
http://www.ncbi.nlm.nih.gov/pubmed/18786031
http://dx.doi.org/10.1080/02705060.1997.9663567
http://dx.doi.org/10.1139/f05-137
http://dx.doi.org/10.1139/f05-137
http://dx.doi.org/10.1007/BF00039682
http://dx.doi.org/10.1139/f91-172
http://dx.doi.org/10.1139/f91-172
http://dx.doi.org/10.1111/j.1744-7348.2005.04088.x
http://dx.doi.org/10.1111/j.1744-7348.2005.04088.x
http://dx.doi.org/10.1016/j.fishres.2013.05.010
http://dx.doi.org/10.1139/F10-041
http://dx.doi.org/10.1007/s10661-006-9434-z
http://dx.doi.org/10.1007/s10661-006-9434-z
http://www.ncbi.nlm.nih.gov/pubmed/17106775
http://dx.doi.org/10.1111/j.1600-0633.2007.00237.x

	Article
	Introduction
	The effect of To on degree-days
	The effect of To on explained variation in growth

	Methods
	Fish data
	Temperature data
	Statistical analyses

	Results
	Discussion

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


