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ABSTRACT: Temperature strongly influences growth and development in most ectotherms. The
thermal integral, or growing degree day (GDD) metric (°C d), has been widely used to characterize
plant, insect, and more recently fish growth and development variation. However, the GDD has
not been widely examined among molluscan species. We examined 42 different sets of data drawn
from the literature representing temperature-dependent growth and development variation among
a variety of bivalve, cephalopod and gastropod species. We demonstrate that thermal time (GDD)
is better able to explain temperature-dependent variation in size-at-age and size-at-stage com-
pared to calendar time (d) and conclude that thermal time is the appropriate metric to use when
assessing variation in growth and development among molluscs. We also address how thermal
time may lead to more accurate comparisons among populations and how it may help diagnose

other factors influencing growth variation.
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INTRODUCTION

Ambient temperature is the primary variable con-
trolling metabolic rate, energy expenditure, most
physiological processes, and thus growth and devel-
opment among ectotherms (Atkinson 1993, van der
Have & de Jong 1996). Generally, an increase in am-
bient temperature results in increased enzymatic
reaction rates and therefore increased metabolic
rate. Enzymatic reaction rates increase after a given
threshold temperature (T7y) is reached, in a generally
linear fashion toward a temperature optimum (7p),
above which the rates decrease toward zero at a
given maximum temperature (T,,,,) when enzymes
are inactivated or denatured (Bonhomme 2000). The
influence of temperature on enzymatic reaction rates
among ectotherms is near instantaneous. However,
when the temperature experienced by the organism
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is integrated over time, it can directly translate as a
phenotypic expression, such as size-at-age and/or
size at developmental stage. Size-at-age is often used
to infer growth rate.

To date, most growth models (e.g., von Bertalanffy
1934 and its many variants) rely on calendar time
(age) as the predictor variable to explain variation in
size-at-age among ectotherms. In doing so, such
models disregard the relevant time scale experi-
enced by the organism(s): i.e., physiological time or
‘thermal time' (Gilbert et al. 1976). Thermal time has
been used effectively as a reliable predictor of
growth and development in agricultural research for
centuries (Reamur 1735 cited in Bonhomme 2000), in
entomological research for decades (McMaster &
Wilhem 1997, Bonhomme 2000) and more recently
for a variety of fish species at the scale of individuals
and populations (Neuheimer & Taggart 2007, Ven-
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turelli et al. 2010, Neuheimer & Gronkjeer 2012, Chezik
et al. 2014a,b). The growing-degree-day (GDD,°C d)
is representative of thermal time and it is a metric
used frequently to describe the timing of biological
processes (McMaster & Wilhelm 1997). GDD relies
on the assumption that if the metabolic rate is a near-
linear function of temperature (i.e., from Ty, to Tiay),
then size-at-age should be a near-linear function of
GDD, the time spent at temperature (Bonhomme
2000, Trudgill et al. 2005). Therefore, GDD is only
applicable when growth is near-linear over develop-
mental stanzas (Bonhomme 2000, Trudgill et al. 2005,
Neuheimer & Taggart 2007) that include pre- or post-
maturation growth (Dumas et al. 2007, Neuheimer &
Taggart 2010).

The nature of GDD not only allows a more accu-
rate representation of ectotherm growth, it also
allows a single species-specific size-at-age relation
(i.e., slope) in thermal time across all normally en-
countered (Tt, to Tp,.y) temperatures experienced in
the lab or in the wild, as opposed to multiple size-at-
age relations in calendar time (several citations
above). Additionally, GDD allows the determination
of thermal constants defined by a marked change in
slope trajectory; such as time-at-maturity. Therefore,
it can be a powerful tool for population modelling
(e.g., Neuheimer & Taggart 2007) and it can be used
to diagnose other factors that influence size-at-age,
such as food limitation or size-selective fishing (e.g.,
Venturelli et al. 2010, Neuheimer & Taggart 2007,
2010).

The thermal time concept has been applied to
many fish species and it should therefore be appli-
cable to other aquatic ectotherms, including mol-
luscs (Huey & Stevenson 1979). With few exceptions
(e.g., Bayne & Worrall 1980, Wood & O'Dor 2000,
Hoving et al. 2007, Lv et al. 2009, Seuffert et al.
2012, Filgueira et al. 2015), attempts to explain vari-
ation in size-at-age among molluscs have relied on
calendar time and have generally overlooked the
explanatory power of GDD. In this paper, we postu-
late that if GDD is appropriate for explaining size-
at-age variation in fish and other ectotherms, it
should be appropriate for molluscs. Thus, we postu-
late that under normally encountered growth condi-
tions, and over the ascending stanzas of the growth
curve (typically prior to, or following, maturation),
size should scale linearly with GDD. We explore this
postulate by assessing relationships between size-
at-age and GDD among 3 classes of molluscs:
Bivalvia, Cephalopoda, and Gastropoda. Where pos-
sible, we also assess developmental stage-at-age as
a function of GDD.

MATERIALS AND METHODS
Data

We examined 42 datasets (see data files in Supple-
ment 1 and Table S1 in Supplement 2 at www.int-res.
com/articles/suppl/m573p157_supp/) derived from
21 publications in the literature (including graduate
theses) that represented 25 mollusc species among
the Bivalvia, Cephalopoda and Gastropoda classes.
Each dataset represents a unique species and the
associated experimental treatment(s) for growth tri-
als under various thermal conditions where size-at-
age (n = 37) and/or developmental stage-at-age (n =
5) was reported. In all cases data were extracted from
figures, using DataThief (Tummers 2006) and/or
WebPlotDigitizer (Rohatgi 2015), and/or tables pro-
vided by the authors of the original publication. To
minimize digitization error, moments of the distribu-
tions (mean and variance) and/or regression models
were compared to the information provided in the
original publication.

Of the 42 datasets examined, 48 % included treat-
ments outside the species-specific optimal thermal
range; i.e., temperatures > Ty, OF <T7y,. As associated
thermal stress may lead to physiological processes
that exhibit a negative effect on growth (Trudgill
et al. 2005), some temperature treatments were ex-
cluded from the analyses if the original publication
explicitly stated that growth was reduced due to ther-
mal stress or food limitation etc., or that temperature-
related mortality occurred. If there were no such
statements and/or there was no evidence in the liter-
ature to suggest species-specific decreased growth
and/or survival at a given temperature, all tempera-
ture treatments were included in the analyses. De-
tailed descriptions of the exclusion criteria, including
the literature used to determine species-specific tem-
perature range (if not provided in the original publi-
cation) are provided in Table S1. The goal of our
analyses was to determine first how size-at-age or
size-at-stage was related to the temperature treat-
ments in calendar time, and second how these same
metrics were related to the temperature treatments
in thermal time.

Statistical analyses

For each of the 42 datasets we used linear regres-
sion to assess variation in size, i.e., length (L) or
weight (W), as a function of calendar time (f, d) and as
a function of thermal time (GDD, °C days) among all
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temperature (T,°C) treatments. In each case we
report (Table S2 in Supplement 2) the slope (1), the
intercept (Bo), the corresponding standard error and
the adjusted coefficient of determination (r?). We
then assessed differences among temperature treat-
ments using an analysis of covariance (ANCOVA) for
calendar time with the interaction terms ¢t and tem-
perature T, and for thermal time with the interaction
terms GDD and T.

The ANCOVA assessed differences among slopes
of the various temperature treatments with distinct
temperature treatments as fixed categorical vari-
ables. The assumption of linearity and
error distribution of the residuals was
examined. The significances of the

Poor Residuals

find a reliable W = aLP relation and weight was not
transformed. The original data and all transforma-
tions and corresponding literature are provided in
Supplement 1 and Table S1.

RESULTS

For most mollusc species differences in size-at-
age among different temperature growth ftrials
(Fig. 1) converged to one linear function of thermal
time (GDD) in contrast to the several different tem-

[ Similar Slopes [l Different Slopes

model terms were assessed using re-
ductions in residual sums of squares
via analysis of variance tables involv-
ing the sequential addition of model
terms beginning with the null model.
If the slopes among the various tem-
perature treatments were not different
we simplified the model by removing
the interaction term and report the
resulting coefficients. All statistical
analyses were performed in the R sta-
tistical environment (R Development
Core Team 2015) using a Type I error
rate of 5 % significance criterion. All R
scripts for analyses and graphical pre-
sentations are provided online (https://
github.com/jspmccain/GDD-Mollusc).
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age relations has been addressed for
fish (Neuheimer & Taggart 2007). Sim-
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function of L (e.g., Froese 2006). There-
fore, where required, W was trans-
formed to L using species-specific W=
aL? relations found in the literature.
Where such relations were not avail-
able, they were drawn from compara-
ble species of the same genus (e.g., the
W = aLP relation for Haliotis varia was

80

60 —

40

20

1

Gastropods
14 datasets

7

7

7

Thermal Time

Calendar Time

Fig. 1. Comparison of use of calendar time (d) and thermal time (growing de-
gree day, GDD) to explain temperature-dependent variation in size-at-age
and size-at-stage in molluscs: results of linear regression analyses across tem-
perature treatments of bivalve (top panel), cephalopod (middle) and gastropod
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perature-dependent functions of calendar time (d).
For bivalves, 38 % of the trials (n = 21) had similar
slopes in calendar time. In contrast, 67 % collapsed
to a similar slope in thermal time, although 24 %
of these exhibited poor residuals. For cephalopods
(n =7), 57 % of the trials converged to similar slopes
in thermal time and none had similar slopes in cal-
endar time. For gastropods (n = 14), only 28 % had
similar slopes in calendar time while 86% con-
verged to similar slopes in thermal time, although
36 % of these exhibited poor residuals. Across all
phyla, poor residuals (n = 10) were attributed to the
presence of an apparent thermal constant (n = 6), or
an apparent suboptimal thermal condition (n = 1) or
apparent mortality (n = 1) or the size-at-age metric
used (n = 2).

Below we highlight a subset of the species exam-
ined and they represent at least one example for
each phylogenetic class. Subsets were chosen to
demonstrate the power of GDD in explaining size-
at-age in adult (Haliotis midae, Sepia officinalis,
Octopus bimaculoides, Crepidula fornicata) and an
early developing mollusc (Bulinus nyassanus). The
other examples were chosen to demonstrate how
GDD models with poor residuals may be diagnostic
of growth-limiting factors including environmental
conditions such as salinity (Ostrea edulis) or subopti-
mal temperature (Mytilus edulis embryo). The
detailed results of the analyses for each set of data
are provided in Table S2. Unless otherwise stated,
adjusted r? values are reported.

GDD across phyla

Size-at-age in the South African abalone (H.
midae, Bivalvia; Britz et al. 1997), expressed as a
function of calendar time varied across temperature
treatments (12 to 20°C: different slopes, p < 0.05;
Fig. 2a). When size-at-age was expressed as a func-
tion of GDD, the temperature treatments showed
different slopes (p = 0.018; Fig. 2b) though the GDD
size-at-age model explained most of the variation (r?
= 0.997).

Size-at-age in the cuttlefish (S. officinalis, Cephalo-
poda; Domingues et al. 2002) expressed as a function
of calendar time differed between temperature treat-
ments (15 and 27°C: different slopes, p < 0.05; Fig. 2c).
The temperature treatments had similar slopes (p =
0.46) when growth was assessed as a function of
GDD, though with different intercepts (p = 0.016),
while thermal time explained almost all variation
(r? = 0.97) in size-at-age (Fig. 2d).

Size-at-age in female octopus (O. bimaculoides,
Cephalopoda; Forsythe & Hanlon 1988) expressed as
a function of calendar time was different between
temperature treatments (18 and 23°C: different
slopes, p = 0.004; Fig. 2e). When growth was ex-
pressed as a function of thermal time the tempera-
ture treatments had similar slopes (p = 0.17; Fig. 2f),
different intercepts (p = 0.043) and virtually all varia-
tion (r? = 0.99) in size-at-age was explained.

Size-at-age in slipper snails (C. fornicata, Gastro-
poda; Pechenik 1984) as a function of calendar time
was different between temperature treatments (18
and 24°C: different slopes, p < 0.05; Fig. 2g), while
having similar slopes (p = 0.70), but different inter-
cepts (p < 0.001) in thermal time. Again, when growth
was expressed as a function of thermal time, GDD
explained almost all variation with both treatments
combined (r? = 0.97; Fig. 2h).

Embryo size-at-age in the freshwater snail (Bulinus
nyassanus, Gastropoda; Kubiriza et al. 2010) ex-
pressed as a function of calendar time was different
among temperature treatments (22 to 31°C: different
slopes, p < 0.001; Fig. 2i) while all 4 treatments had
similar slopes (p = 0.112; Fig. 2j), though with differ-
ent intercepts (p < 0.001) when growth was ex-
pressed as a function of thermal time, and again
GDD explained most of the variation in size-at-age
across treatments (r? = 0.95).

GDD and growth limitation

Size-at-age in oyster (Ostrea edulis, Bivalvia; Robert
et al. 1988) expressed as a function of calendar time
varied across temperature treatments (15 to 30°C) at
all levels of salinity (20, 25, 30 and 35%o) and had dif-
ferent slopes (p < 0.01; Fig. 3). As a function of GDD
the different temperature treatments had similar
slopes for the 20, 30 and 35%. salinities (p = 0.138,
0.595 and 0.149, respectively) and similar intercepts
for the 20 and 30%. treatments (p = 0.141 and 0.113,
respectively). Across treatments, GDD explained most
of the variation in size-at-age (.r2 = 0.86, 0.97, and
0.96 for 20, 30 and 35 %o salinity respectively).

Changes in developmental stage for the blue mus-
sel (Mytilus edulis, Bivalvia; Hayhurst 1997) ex-
pressed as a function of calendar time varied across 4
temperature treatments (5 to 20°C, p = 0.005; Fig. 4a).
As a function of GDD the temperature treatments
had similar slopes (p = 0.37; Fig. 4b) and intercepts
(p = 0.074) and explained most of the variation in
developmental stage (r? = 0.82), though with poor
residuals.
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Fig. 2. Size-at-age as a function of calendar time (days) (left panels) and thermal time (GDD) (right panels) for different mollus-

can species under various temperature treatments (various symbols, °C): (a,b) Haliotis midae (Britz et al. 1997); (c,d) Sepia of-

ficinalis (Domingues et al. 2002); (e,f) Octopus bimaculoides (Forsythe & Hanlon 1988); (g,h) Crepidula fornicata (Pechenik

1984); (i,j) Bulinus nyassanus (Kubiriza et al. 2010). The linear regression models (solid lines) and 95 % confidence intervals
(dotted lines) are provided for each case where the relation is significant (see Table S2 for details)

DISCUSSION

As far as we know this is the first study to address
the utility of the GDD method in explaining size-at-
age or size-at-stage variation in thermal time among a
variety of molluscan species. Approximately 70 % of
the datasets examined among 25 species across the 3

phylogenetic classes illustrated that GDD was the
most appropriate metric for explaining temperature-
dependent size-at-age variation. An overall average
85% of the variation was explained by GDD using a
single size-at-age relation. Further, our analyses indi-
cate that GDD may also be most appropriate for ex-
plaining variation in developmental stage transitions.
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Fig. 3. Size-at-age as a function of calendar time (days) (left column) and thermal time (GDD) (right column) for Ostrea edulis
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Fig. 4. Developmental stage as a function of (a) calendar time (days) and (b) thermal time (GDD) for Mytilus edulis (Hayhurst

1997) under different temperature treatments (various symbols,°C) during larval development. The linear regression models

(solid lines) and 95 % confidence intervals (dotted lines) are provided for each case (single or multiple temperature treatments)
where the relation is significant (see Table S2 for details)
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The use of GDD in explaining size-at-stage varied
across species and the developmental metric used.
While GDD explained temporal development varia-
tion in some post-hatching octopus species (e.g., Oc-
topus bimaculoides; Forsythe & Hanlon 1988), pre-
hatching egg development in the snail (Bulinus
nyassanus; Kubiriza et al. 2010) was not sufficiently
explained in thermal time. The deficiency is likely
related to either the growth metric used; i.e., an ordi-
nal scale (i.e., 1%, 279, 3" stage etc.) as opposed to an
interval scale (e.g., Wor L) and/or suboptimal thermal
conditions and/or the presence of a thermal constant
(e.g., the mussel, Mytilus edulis; Hayhurst 1997).

Determining an appropriate growth metric is par-
ticularly challenging for some molluscs, such as bi-
valves, as their growth is not principally along one
body axis. Further, resource allocation toward shell
growth may be mismatched by resource allocation
toward an increase in weight, as shell and soft-tissue
growth is loosely coupled (Hilbish 1986, Borrero &
Hilbish 1988). Additionally, shell and soft-tissue
growth may be limited by different environmental
conditions such as calcium concentration (Beeby &
Richmond 2007). Any non-linear increase in L along
each body axis may therefore result in a non-linear
relation between length-at-age and thermal time.
We suspect that a different size metric, such as shell
volume, may prove to be more appropriate.

It is also challenging that the metrics used for de-
termining growth within and among molluscan taxa
vary across the literature (e.g., Moltschaniwskyj &
Martinez 1998). In such instances the GDD could be
used to identify the optimal size-at-age variable. For
example, if a series of metrics (shell length, width,
volume, weight, etc.) were measured across temper-
ature treatments and were expressed as a function of
the GDD, such metrics (or a combination thereof)
with similar slopes may provide a better standard
for explaining temperature-dependent size-at-age
variation.

Limitations and advances

In general, the GDD has 2 primary limitations: it
applies only for a species-specific optimal range of
temperatures (Bonhomme 2000, Trudgill et al. 2005)
and for the linear stanzas apparent in the size-at-age
curve. First, outside the species-specific thermal range
growth may be non-linear and limited by metabolic
processes (Trudgill et al. 2005) and that may result in
lower growth rates (e.qg., snails, Haliotis midae or H.
duryi) and/or higher mortality (e.g., mussels, Mytilus

galloprovincialis). When variations in size-at-age are
not explained by thermal time they may be diagnos-
tic of a suboptimal conditions in terms of temperature
or another environmental variable (e.g., salinity) and
GDD may thus prove useful in diagnosing physiolog-
ically optimal or suboptimal ranges. For example,
the poor residuals associated with the GDD in the de-
velopment of M. edulis (Hayhurst 1997) indicate that
5°C is a suboptimal temperature, while results for O.
edulis (Robert et al. 1988) indicate a suboptimal salin-
ity at a lower temperature.

The second limitation of the GDD is that it is only
applicable during the developmental stanzas for
which growth is near-linear (Bonhomme 2000, Trud-
gill et al. 2005, Neuheimer & Taggart 2007). Once an
organism has reached a thermal constant, such as
maturity, the growth trajectory changes, though it may
still be a linear function of thermal time thereafter.
This is generally interpreted as a biphasic growth
trajectory (Trudgill et al. 2005, Venturelli et al. 2010).
In turn, determining the thermal constants (i.e., where
the trajectory changes such as at the time of matura-
tion or smoltification in salmon) can be useful in pop-
ulation modelling (Neuheimer & Taggart 2007). For
example, the timing of mollusc time-at-maturity ex-
pressed in thermal time could be used to optimize
mollusc growth and rearing in an aquaculture envi-
ronment (e.g., Filgueira et al. 2015).

It is important to note that we used a 'mechanistic’
linear model for explaining size-at-age as a function
of thermal time. That is, we expect that the relation-
ship between size and thermal time across all tem-
peratures will be linear until some thermal constant
is reached. In some cases, the assumption of normal-
ity in the error distribution of our analyses was vio-
lated as exhibited by patterns in the residuals. In
24 % of the datasets analysed (Fig. 1) the linear ther-
mal time model had poor residuals. In these cases,
even though the assumptions of the ordinary least
squares model were violated, a large proportion of
the variation was explained by thermal time (r? > 0.80).
Causes of the poor residuals included very small
sample sizes, a change in the inferred growth trajec-
tory when the organisms reached a thermal constant
(e.g., Fig. 4; Neuheimer & Taggart 2007) and appar-
ently suboptimal thermal conditions. Poor residuals
in these cases were therefore indicative of an under-
lying physiological process.

To rigorously identify a thermal constant, a non-
linear model may be required with the assumption of
logarithmic growth. Given that typical mollusc-growth
studies, including those used in this study, rarely con-
tinue beyond the point where a thermal constant may
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have been reached, it is difficult or impossible to
identify such constants. We acknowledge the limita-
tions of the assumption of linearity, but also recog-
nize the power this simple mechanistic but statistical
approach has, especially given the physiological
underpinnings.

Conclusions

We have demonstrated that thermal time expressed
as GDD is better able to explain temperature-depen-
dent variation in size-at-age and -stage compared to
calendar time across a diverse suite of molluscan spe-
cies. Though the simple linear approach has some
limitations when identifying thermal constants, our
results suggest that thermal time is most appropriate
when assessing variation in growth and development
in molluscs among laboratory studies and likely also
among natural populations.
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