Environ Biol Fish
https://doi.org/10.1007/s10641-022-01212-0

®

Check for
updates

Temperature and the maturation of fish: a simple sine-wave
model for predicting accelerated spring spawning

Daniel Pauly® - Cui Liang

Received: 28 April 2021 / Accepted: 7 January 2022

© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract Global warming affects the phenology of
the Earth’s flora and fauna, notably by advancing the
date at which many plants and animals tend to repro-
duce. We use fish, where this reproductive accelera-
tion is well-documented, to present a simple approach
based on sine curves to predict, in spring spawn-
ing fish, the minimum number of days (Ad,,;,) that
spawning is advanced as the result of a given increase
in water temperature (A°C). We show, via comparison
with field estimates, that our simple model’s robust
predictions correspond to observed values of Ad,;/
A°C, and discuss both the potential uses and the limi-
tations of the model.
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Introduction

Global change, or more precisely, global warming,
has modified much of the Earth’s flora and fauna’s
reproductive phenology and can be expected to con-
tinue doing so for decades. These modifications take
various forms, including earlier flowering in some
trees and earlier migrations in birds (see, e.g., Ahas
and Aasa 2006; Cohen et al. 2018), many due to sinu-
soid seasonal temperature oscillations with a higher
annual mean (Fig. 1). In the past few decades, the
temperatures of marine ecosystems have increased
(Belkin 2009), as they have in freshwater bodies (Car-
penter et al. 1992; Kangur et al. 2021). Increasing
temperatures, on the other hand, will alter the physi-
ology of fish, and particularly their reproduction, as
can be expected in ectotherms (Alix et al. 2020).

The fact that ocean and freshwater warming
is modifying the phenology of maturation and
spawning in fishes, i.e., the timing of their reach-
ing puberty, has been widely reported. A meta-
analysis of observed phenological shifts suggested
that seasonal events of marine species advanced by
an average of 4.4 days per decade during the late
twentieth century (Poloczanska et al. 2013). Also,
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Fig. 1 Schematic repre-
sentations of the effect of
global warming on the phe-
nology of spring spawning

Fish too small (i.e.

spawning cues

)

too young) to perceive

| —[noc]

Temperature that
induces spawning

fish via the two sine curves.

— [Adays

17
Here, the green one repre- %) 7
sents the baseline climate, < 6t
with a temperature thresh- .5 & |
old in acting as an evolved ©
trigger for maturation and P 41
spawning, while red curve s 3t
represents the warmer g 2
climate, which leads to the = 1F /1
(] [ A 1
trigger temperature being o 0} \ ﬁ ] \\ [ iy ] \\ ’I/ \\ I
reached earlier g' 1t
£ -
S 21
e =3 |
2 At
o -5t
2 T T T T T T T T T T T A A A |
DFAJAODFAJAODFAJAODFA
] ! ] !
Year 1 Year 2 Year 3

larvae of 17 of the 43 species of fish species in the
California Current ecosystem occurred earlier in
recent decades relative to the last 58 years (Asch
2015). However, zooplankton, being one of the
main food items for these fishes, did not shift their
phenology synchronously with most fishes (Asch
2015). Such a mismatch often disrupts the fine-
tuned adaptation that usually results in fish larvae
being hatched at the time where potential prey is
abundant, and leads to high larval mortality due to
starvation or increased predation on slower grow-
ing larvae (Cushing 1990; Asch et al. 2019).

Here we examine the effect of global warm-
ing on the onset of maturation and spawning in
the spring-spawning freshwater and marine fish
of temperate latitudes (roughly 24° N-67° N; 24°
S—67° S), for which ample documentation exists.
The paper aims to present a simple model that pre-
dicts how spawning in marine and freshwater fish
can be predicted from temperature changes. Its use
can stem the proliferation of adaptationist ad hoc
hypotheses that are currently being proposed to
explain why, given the warming of their surround-
ing water, spring-spawning fish now spawn earlier.

@ Springer

Conceptual background

The first concept addresses the conventional notion
of the hormonal cascade that leads to maturation and
spawning in fish, which is usually seen as being ini-
tiated when environmental stimuli trigger reproduc-
tion (see, e.g. Bhattacharya 1999; Pankhurst 2016;
Taranger et al. 2010. This notion, as also noted by
Thorpe (1986, 1990), overlooks the fact that pre-
puberty fish can experience several “spawning sea-
sons” without perceiving the environmental stimuli
that supposedly trigger reproduction (Pauly 2021a).
Clearly, what is missing is an element causing an
individual’s internal readiness to experience these
environmental stimuli in the same manner that adult
fish do. Thorpe (1990) suggested that this element is
the growth performance of fish, i.e., “[e]xactly how
the fish monitors its performance is unknown, but
I have suggested elsewhere (Thorpe 1986) that it is
physiologically aware of its growth rate through its
rate of accumulation of surplus energy, and through
hormone kinetics associated with storage of that
energy.”

As proposed here, based on Pauly (1984), fish can
monitor their growth performance, which is strongly
dependent on their oxygen supply, by monitoring the
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ratio of their metabolic rate (Q) relative to their main-
tenance metabolism (Q,,.;,)- Given the fact that the
respiratory area of fish gills, as a 2-D surface, can-
not keep up with the growth of the 3-D bodies that
they supply with oxygen (Pauly 2019, 2021b), this
ratio must decline and thus, as individual fish grow,
reach a value (Q,,) at which maturation is triggered.
The threshold value of the ratio Q,/Q.in for teleosts
was estimated ~ 1.35, with a 95% confidence interval
ranging from 1.2 to 1.5 (Pauly 1984, 2021a, b; Meyer
and Schill 2020; Amarasinghe and Pauly 2021).

Thus, when fish are small (young), their O, /O, int
”>1.35 and no maturation and spawning occur, even
during the season that adult conspecifics perceive as
spawning season. However, as the small fish grow,
they will reach a size at which Q, /0, ... declines
to 1.35, which triggers maturation and spawning. If
this size coincides with a period of increasing tem-
perature, as occurs in spring spawners, the increase
will further reduce the Q. /0, .in ratio. Thus, if that
increasing temperature occurs earlier, they will also
mature and spawn earlier.

A simple sine wave model is presented here which
allows the period by which maturation and spawning
is advanced to be estimated.

Results

Figure 1 defines the problem for which we provide the
solution, based on two sine curves. These sine curves
represent typical seasonal oscillations of sea surface
temperatures (SST) or the temperature oscillations in
(northern) temperate freshwater bodies, where mean
monthly temperature tends to oscillate with an ampli-
tude (A) of about 10 °C (see, e.g., Fig. 5 in Genner
et al. 2010). The curves require a shift by 6 months in
the southern hemisphere.

The green (lower) sine curve represents the
oscillation of the ‘“baseline” climate, which usu-
ally exhibits minimum temperatures in February in
the northern hemisphere (see e.g. Fig. 5 in Genner
et al. 2010). The red (upper) sine curve represents a
warmer climate, here with a temperature increase of
1 °C. The ascending parts of the red curve implies
differences in the time various threshold tempera-
ture are reached. This difference has its annual
minimum (Ad,;,, with the subscript also referring
to the “minus” sign of Ad) when the slope of the

sine curve is highest; however, Ad does not change
much within a range of 3-4 months.

The derivation of an equation allowing for the
computation of Ad,;, is facilitated by shifting the
time axis by 6 months, such it intercepts the ordi-
nate in August (Fig. 2), with the curves now turned
into cosine curves. The equation of the green

(lower) curve in Fig. 2A is then:
Y, = (A/2)-cos(X) e))

with A/2 being half of the summer-winter amplitude.
When Y,=(A/2)-cos(X) = 0 (g, and g, points in

Fig. 2), then cos(X) = 0, and X = arccos(0) = #/2.
The equation of the red (upper) curve is:

Y, = (A/2) - cos(X) + B 2)

with A being the amplitude of the oscillation, as
defined above, and B being the temperature differ-
ence between the two cosine curves. We then have Y,
= (A/2)-cos(X) +B = 0 (r; and r, points in Fig. 2A),
then cos(X) = —2B/A, and X = arccos(—2B/A).

Thus, the distance from r, to g, and
from r, to g, on the X-axis (see Fig. 2A) is
[arccos(—2B/A) — (#/2)]. When the frequency of the
sine curves is 1 year (365.24 days), each day cor-
responds to 27/365.24. Therefore, in areas where
the spring spawning fish experience temperature
changes between summer and winter, and the water
temperature has become warmer by an average B,
spawning should occur earlier, by a time predicted
by.

A = [arccos (=2B/A) — (n/2)]/(2r/365.24) (3a)
or simplified.

Apin = |arccos (=2B/A) — (x/2)] /0.0172 (3b)

min

which allows Ad,;, to be calculated for spring spawn-
ers, given A and B, or the ratio A/B. Figure 2B shows
the range of values can take, given different ampli-
tudes of seasonal growth oscillations (A) and warm-
ing-induced increases of mean annual temperature
(B).

Table 1 shows that the empirical estimates of Ad/
A°C that can be computed from the numbers in vari-
ous explicit statements in the literature (see Supple-
mentary Materials) correspond, on the average, to the
theoretical estimates of Ad,;, derived from Eq. 3.
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Fig. 2 How the shift
toward earlier temperature-
induces spawning is esti-
mated and can be evaluated.
A Using trigonometry,

with the variables g, and g,
referring to the green, lower
curve and r, and r, to the
red, upper (see also Egs. 1-3
and text); B the nomogram
illustrates that the solutions
of Eq. 3 are robust, but only
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Discussion

The sinusoidal model presented here and Eq. 3
derived from it are simplifications of complex phe-
nomena. However, we are not helpless in the face
of this complexity. We know that seasonal tempera-
ture oscillations, driven by the Earth’s highly regular
movements around the Sun, and its angle of obliquity,
generate and maintain the sinusoidal oscillations of
many natural phenomena, including seasonal change

@ Springer
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in the temperature of water bodies. We also know
that baseline temperatures have increased throughout
much of the world. Combining these two facts with
the knowledge that increasing temperature triggers
maturation and spawning in spring-spawning fish
(Fig. 3) should lead to a robust model for predicting
the extent to which spawning will be shifted back
in time, as long as the warming under consideration
does not exceed 2 °C when the amplitude of the sea-
sonal oscillation is < 10 °C.
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Table 1 Instances of fish maturing and spawning earlier in the “spring” reproductive season, due to higher water temperature

No. Species Location Years A°C Ad Ad/A°C  Remarks and source

1 Abramis brama Tjeukemeer Lake, Neth-  1961-2006 1.94 20 10.3 Moojj et al. (2008)
erlands

2 Acipenser schrenckii Aquaculture ponds, China 2011 3vs.6 30/50 8.3-10.0 Zhang etal. (2012)

3 Gadus chalcogrammus Gulf of Alaska 19792015 - -—- 5.0 Rogers and Dougherty

(2019)

4 Gadus morhua Northern and Central 1985-2015 1.1-1.4 --- 8.1-27.4 McQueen and Marshall
North and Irish Seas (2017)

5 Gymnocyprisselincuoen-  Selincuo Lake, Tibetan 1970-2000s  ~1 11.7  11.7 Tao et al. (2018)

sis Plateau

6 Rutilus rutilus Meuse River, downstream 1977 3 21 7 Mattheuws et al. (1981)
of a nuclear power plant

7 Rutilus rutilus Lake Geneva (Switzer- 1983-2001 ~1 14 14 Gillet and Quétin (2006)
land/France)

8 Scomber scombrus North Sea 1968-2008 - - 7.4-11.4 Jansen and Gislason (2011)

9 Solea solea North and Irish Seas 1970-2010 1.72 40 23.3 Fincham et al. (2013)

10 Tachysurus fulvidraco Aquaculture ponds, China 2013 5 25-30 5-6 You (2015)

11 13 marine spp. English Channel, spring 1975 vs. 1987 1.0 17 17 Genner et al. (2010)
and summer spawners
only

12 Multiple spp. (larvae) Southern California, USA 1949-2000 1.3 --- 17.9 Ash (2015)

13 10 freshwater spp. Estonian waters 1951-1998 2.65 10-30 3.8-11.3 Ahas and Aasa (2006)

14 All previous spp. Freshwater and marine -- -- -- 12.7+1.6 Mean of above estimates,
fish in temperate with st. dev. = 6.2 days*®
regions

15  Spring spawning fish Freshwater and marine -- - -- 11.7 Ad,,;, predicted by new

fish in temperate
regions

model for A = 10 °C and
B=1°C

“oC” refers to difference in temperature between the years and “days” refers to the time difference in maturation and/or spawning®.

The standard deviation and standard error are underestimates, as only the midrange of the d/°C were used
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Fig. 3 Illustrating that a trigger temperature being reached is
only the sufficient condition for maturation and spawning, the
necessary condition being that the fish has reached a weight
at which its metabolic rate is equivalent to ~1.35 times their
routine metabolic rate (i.e., Qp/O .inc ~1.35; Pauly 1984,

2021a). Note that once the fish have spawned, their weight
declines, and the ratio Q, /O, ..\, returns to being > 1.35; also
note that the spawning season of large/old adults is longer than
for small/young ones. This schema is not to scale and does not
consider seasonal growth oscillations (but see Pauly 2019)
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The model may thus be used to assess whether
an observed change in the phenology of spawning is
small or large compared to a prediction from Eq. 3.
Another potential use of the model would be to allow
assessing whether it is justified to evoke the match-
mismatch hypothesis (Cushing 1990) or other com-
plex hypotheses often presented to explain temporal
shift of spawning in terms of adaptation to temporal
shifts of the emergence of prey species.
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The A°C and Aday values in Table 1 can be verified though the information provided below.
These values were extracted from papers that explicitly provided summary values of A°C and
Adays in their text or the captions of their figures, or showed trend lines from which these
values could be inferred. We cite below the words and numbers pertaining to the entries of
Table 1, including the page and/or figures where they can be found:

1)

2)

3)

Mooij et al. (2008) wrote in the caption of Figure 4, which shows increasing temperature
trends in 4 Dutch lakes, including Lake Tjeukemeer: “The 4 lines have equal slopes with a
value of 0.042 °C yr™. For the whole period of 46 years this results in a warming of 1.94
9C.” Also, on p. 38, they wrote: “The increase of water temperature during the past decades
results in the onset of growth of larval bream to occur 20 days over the period 1971-2006.”

Zhang et al. (2012), with regard to Amur sturgeon, wrote in their abstract that “Temperature
can affect the time of gonadal differentiation of juvenile Acipenser schrenckii. High
temperature (24 °C and 27 °C) can lead to earlier gonadal differentiation. Sex differentiation
of individuals reared at 27 °C and 24 °C occurred 50 days and 30 days earlier than the
control group (21 °C), respectively.” Translated form* i J& A] 50 i FG 540 fa 14 Jig 734k,
(YRS TR) . il (24 °C A1 27 °C) T ¥ e Q69 40y fa B A it i Ak, b 27 °C A0 HE A
(21 °C)#EHiT 50 K, 24 °C ZH47HT 30 K. ”

Rogers and Dougherty (2019) wrote: “A 1°C increase in March SST corresponded to a shift
in the mean date of spawning by 5.0 days, with warmer temperatures leading to earlier
spawning.”
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4)

5)

6)

7)

8)

9)

McQueen and Marshall (2017) wrote: “The rate of change in spawning time in relation to
autumn temperature rise ranged from 1.16 weeks per 1 °C change in autumn SST in 1Va,
to 3.92 weeks per 1 °C rise in autumn SST in Vlla.”

Tao et al. (2018) wrote: “the reproduction date of G. selincuoensis would have occurred an
average of 2.9 days (11.7 days divided by four) per decade on average from the 1970s to
2000s”. The temperature difference of ~1 °C was read off from their figure 3 using the
Origin 8.5 software.

Mattheuws et al. (1981) wrote in their abstract: “The thermal pollution of the Tihange
Nuclear Power Plant increases the temperature (+ 3 °C) of the river Meuse and has precise
effects on the reproductive cycle of the roach (Rutilus rutilus) downstream: well-defined,
ovarial development, acceleration of maturation, and earlier laying of eggs (3 weeks).”

Gillet and Quétin (2006) wrote about roach (Rutilus rutilus) in Lake Geneva: “The increase
in the mean annual temperature was c.1 °C from 1983 to 2000 (p. 521) and “Over the 19
years surveyed, the date of the spawning period has advanced by 2 weeks” (p. 522).

Jansen and Gislason (2011, p. 68) wrote: “The estimated average effect of SST [on larval
occurrence] on the beginning was — 11.4 +/- 7.8 days/°C and 7.5+/- 4.2 days/°C on the
peak.”

Fincham et al. (2013) wrote: “Further, the overall increase in SST was significant, and
amounted to 0.043 °C for all areas combined (equivalent to a 1 °C increase in 23 years).”
They also wrote: “the long-term trend towards earlier spawning for all stocks combined
(Fig. 3h) was significant... This amounts to a rate of advancement in timing of 1.50 weeks
per decade, or very approximately 1 day each year.”

10) You (2015) wrote: “The gonadal differentiation process of Pelteobagrus fulvidraco reared

at different temperature is similar, while the development speed is quite different, and the
development speed increases with the increase of temperature. The gonadal differentiation
of Pelteobagrus fulvidraco of the 22+1 °C group occurred 25-30 days later than that of
27+1 °C group”. Translated from “} & L A [] 58 390 0 1 I o AL B REARME & /5 3
ZERIOR, BB TR R B P (22+1)°C 20 35 1 8 1 R 4 ALt FE Lk (274D
°C “HHE 25-30 d.” Note that Pelteobagrus fulvidraco is considered of synonym of a
Tachysurus fulvidraco (see FishBase; www.fishbase.org).

11) Genner et al. (2009) wrote: “After correction for temporal trends, the observed temperature

changes of 1 °C were associated with annual phenological change of 17 days.”

12) From Ash, (2015, p. ): “In the southern [California] Current Ecosystem, fishes that spawn

earlier during warm conditions advanced their phenology at a mean rate of 6.4 d/decade,
whereas other species experienced mean delays of 5.1 d/decade. Assuming that temperature
is a primary factor affecting fish phenology, the mean temperature sensitivity would be
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24.6/°C for the earlier phenophases (range: 10.8—d/°C) and 19.6 d/°C for later phenophases
(range: 11.5-27.7 d/°C), because this region warmed by 1.3 °C between 1949 and 2000
[...]. When examining all phenology groups jointly using absolute values of phenological
change, a mean of 4.7 + 3.3 SD d/decade or 17.9 + 12.8 SD d/°C was obtained. These rates
were comparable to results from other studies of the phenology of marine and freshwater
fishes.”

13) Ahas and Aasa (2006) wrote in their abstract that “Significant values on plant and bird
phases have advanced 5-20 days, and fish phases have advanced 10-30 days in the spring
period”. They also wrote on p. 22-23: “Significant trends are also detected in spring
(March-May) when the linear trend shows an increase of 2.0-3.3 °C.”

14) The standard deviation (6.2 days) and the standard error (1.6 days are underestimates,
because only the midrange of the Aday/A°C values were used.

15) Admin predicted by Equation 3 of new model, for an amplitude of seasonal temperature (A)
of 10 °C and increase due to warming (B) of 1 °C.
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