cONO O B WODN B

el ol
~NoO U WNERELO®

Appendix S1
Supporting Information for
Size-based ecological interactions drive food web responses to climate
warming

Max Lindmarka!, Jan Ohlberger®, Magnus Huss®, Anna Gardmark®

a Swedish University of Agricultural Sciences, Department of Aquatic Resources, Institute of Coastal Research,
Skolgatan 6, Oregrund 742 42, Sweden

®School of Aquatic and Fishery Sciences (SAFS), University of Washington, Box 355020, Seattle, WA 98195-
5020, USA

¢ Swedish University of Agricultural Sciences, Department of Aquatic Resources, Skolgatan 6, SE-742 42
Oregrund, Sweden

L Author to whom correspondence should be addressed. Current address:
Max Lindmark, Swedish University of Agricultural Sciences, Department of Aquatic Resources, Institute of
Coastal Research, Skolgatan 6, Oregrund 742 42, Sweden, Tel.: +46(0)104784137, email: max.lindmark@slu.se



mailto:max.lindmark@slu.se

18

19

20
21
22
23
24
25
26
27

28
29
30

31
32
33
34
35
36
37
38
39
40
41

42

43

44
45

46
47
48
49
50
51
52
53
54
55

Contents

1. Functions in the empirical stage structured biomass model...........c.cccovveviiiiii i 3
2. Parameterization of the empirical stage-structured biomass model..............cccocvvviiiiiiieiciiecceiee, 3
2.1 BOAY SIZES ...ttt bbb R Rttt r e 3
2.2 Mass- and temperature dependence of individual-level rates..........cccocovveveiieciiiiiicie s 6
B V1< =1 10 1] o ST USSPRPS 6
2.2.2 FEEAING FALE......eeieieeeieie ettt b bbbttt b e nnen e 7
B 1Y, ] =L YRR 10
2.2.4 Temperature-Size INTErACTIONS ........cc.eiveiiiriii ettt 10
2.3 RESOUICE. ...ttt ettt sttt b ettt ettt e e bt e e bt e eh e e h b e e Rkt oAbt ekt e b e e eb e e eb e e e n et e b e e nbeenbeenneesnneannis 12
3. Regulation of the consumMer POPUIALION ..........cviiiiiiiiiie e 13
3.1 Inthe presence Of @ Predator ... iieiiii e neeenes 14
3.2 Ratio of juvenile to adult DIOMASS TENSILY .......ccoeiiiiiiiiieece e 15
4. Parameter sensitivity of the empirical Model............coooiiiiiiii 16
4.1 Maximum resource density Shapes COEXISIENCE.........c.viveveieeiiriese et sre et sre e re e sreees 16
4.2 Equilibrium biomass densities over temperature for different Rmax, T19 (p = 1)................ 17
4.3 Community composition over temperature and Rmax, T19 for the non-selective predator.... 18
4.4 Equilibrium biomass densities over temperature for different Rmax, T19 (p = 0.5) ............ 19
4.5 Community structure shifts with temperature and the predators’ feeding preference ............... 20
4.6 Persistence temperature for different predator feeding preferences and variation in activation
LT 0TC] (0 )OO PP TSR 21
4.7 Effects of warming on predator biomass densities under different scenarios of energetic
BTTICIENICY . . bbbttt b 23
4.8 Mean body size of the community UNder Warming...........ccceoveeeerinineneneeeese e 25
5. Generic stage-structured biomass MOUEI ..........ccccvciiiiiiiiiii e e 26
6. Assessing the sensitivity to model functions using a generic Model .........cccccovvvivvievivecene s e, 29
(071 o N 1 (=T LA (SO TSR 30



56 1. Functions in the empirical stage structured biomass model

57 Table S1 Model functions. Note that dependencies are only expressed for state variables, but all functions relate to

58 individual-level or mass-specific rates that depend both on body size and temperature.
Function Expression
Temperature
Ey(T-T
ry(T) e YIETTO o)
Consumer
Ny.4(R) a; 4R
I; 4(R) 1ny,.4(R)
R
1+ 7[7],A( )
max,],A
171,1‘1(R) O'ZIJ,A(R) — M,
v]+,A (R) v;4(R) if v;4(R) > 0;
0 otherwise
W@
1-z U®
P Ip;(J,A
w (P) roumyes 4 0A
wa(P) Ips(J,4)
4 T,P1my %% + TP
Predator
np;(J) pap]
Npa(A) (1-p)apA
Ip;(J,A) np;(J)
A
1+ UP](]? + 1pa(4)
max,P
Ips(J, 4) Npa(A)
A
1+ UP](]? + 1pa(4)
max,P
vp(J, 4) apllp;(J,A) + 1pa(J,A)] — Mp
Up T, mp??

Description

Function scaling
rate/parameter Y
with temperature
(Y =M, Lpgx, a, 14,
Rmaxl 5)

Encounter rate
Ingestion rate

Net-biomass
production
Net-biomass
production limited
to positive values
Juvenile maturation
rate

Total juvenile
mortality

Total adult mortality

Encounter rate on
juveniles
Encounter rate on
adults

Ingestion rate on
juveniles

Ingestion rate on
adults

Net-biomass
production
Background
mortality

50 2. Parameterization of the empirical stage-structured biomass model

60 2.1 Body sizes

61  The core consumer-resource model was parameterized in (Lindmark et al. 2018). Here we add a

62  predator feeding on the consumer to study a tri-trophic food chain. The state variables, i.e. species, and
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for the consumer population (here represented by the freshwater zooplanktivorous fish roach, (Rutilus
rutilus, L.) also the different life stages, are characterized by their representative body sizes. The

representative weight of juvenile consumers (m;) is derived using the equation: m; =

Tmax”Tmin__ \vhere m,,;, is the weight of consumers at the onset of active feeding and m,, 4, is
In(Mmax)—In(Mmin)

the weight at maturation, following the approach in (van Leeuwen et al. 2008). m,,,;;, was acquired by
converting length at onset of active feeding (approximately 10 mm) (Bystrom & Garcia-Berthou 1999),
to mass using the weight-length relationship presented in (Froese et al. 2014) (4., = 0.00794
(constant) and A, = 3.15 (exponent)). This resulted in m,,;,, = 0.0079 g. With a length at maturation
equalling 140 mm (Stoessel 2014), my,,, becomes 32.4 g. The representative size of juveniles, m,,
then becomes 3.9 g. As we assume that adults use all their energy for reproduction and therefore do not
grow in size, my = my,q, = 32.4 g. The newborn (onset of active feeding in this case, 0.0079 g) to
adult body size ratio (z), which is used in the maturation function (y) (De Roos et al. 2008), is given by
Munin/Mmax- THiS yields a value of z = 0.00025 (Table S2), which is in line with previous studies
(van de Wolfshaar et al. 2012).

The predator, here based on northern pike (Esox lucius, L.), is not stage-structured and is therefore
represented by a single body size. This is because we want to focus the analysis on the feedbacks
between predator performance and predation-induced changes in prey (consumer) stage structure,
which has been shown in empirical systems, e.g. (Persson et al. 2007), and how temperature-effects on
the food chain depend on these feedbacks. We choose the value for the representative body size of the
predator (642.6 g) to ensure equal attack rates of the predator on both consumer life stages (attack rate
is a function of the length of both the attacker and the victim — see Fig. S1). This was done to separate
the effects of predator body size (and thus varying attack rates) from the predator feeding intensity on
the different consumer life stages, which we control with parameter p (Table S2). See section 2.2.2

below for more detailed information.
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Parameter Value
k 8.617332e-05
z 0.00025
é 0.1
Ronax varied (0-2.6;1.7 default)
P varied (0-1)
Oup 0.3 (zooplanktivory, consumer)
0.4 (piscivory, predator)
Ey Ew E  E, Ep_ = Es
0.594 0.594* 0.45 varied 0.43
(-0.43,
0)
Juvenile ~ Adult Consumer = Predator
Consumer (4) (P)
()
my,p 3.9 324 642.6
M;,p 0.009 0.006 0.004
Lnaxjap 0.183 0.112 0.057
ajap 25.972 9.083 0.018
Ky ap 0.001 0.0006 0.0003

Unit
eV K1

eV

Description
Boltzmann’s
constant
New born to
adult body
size ratio
(consumer)
Turnover rate
of shared and
adult resource

Maximum
resource
biomass
density
Predator
foraging

preference for
juvenile
consumers
Assimilation
efficiency

Activation
energy of
metabolism,
functional
response
parameters,
mortality,
maximum
resource
density
(with/without)
and resource
turnover rate

Representative
body size

Metabolic
rate**

Maximum
ingestion
rate**
Attack rate

Background
mortality

Table S2 Parameter values at 19 °C. See text for references and specific parameters in allometric functions.

Reference

(Bystréom & Garcia-
Berthou 1999;
Stoessel 2014;
Lindmark et al.

2018)

(De Roos &
Persson 2001,
2013; van de

Wolfshaar et al.

2006) (see Box 3.4
in De Roos &
Persson (2013))
See text above

(van Leeuwen et al.
2008)

(Savage et al. 2004;
Ohlberger et al.
2011, 2012;
Lindmark et al.
2018)

(Lindmark et al.
2018)

(Diana 1982;
Ohlberger et al.
2012), see text

(Holker 2000), see
text

(Claessen et al.
2000; Hjelm &
Persson 2001; De
Roos & Persson
2013) (see Fig. 11.2
in De Roos &
Persson (2013))
(De Roos &
Persson 2013)
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* This parameter is also varied between 0.297 and 0.891 in Fig. S11-S12 and Table S6
** Note that metabolic rate and/or maximum ingestion rate also change with temperature differently for different

sizes when ¢, ; # 0 (see section 2.2.4 and Eq. S1)

2.2 Mass- and temperature dependence of individual-level rates

We model the following vital rates and parameters as temperature dependent: metabolism (M, , p), the
functional response via the parameters maximum ingestion rate (/,qx,;,4,,) and attack rate (a; 4 p), as
well as background mortality (u; 4p) Of the consumer and the predator, and turnover rate (§) and

maximum density (R,,q) Of the basal resource. Subscripts J, A, P refer to juvenile consumers, adult

consumers and predators, respectively, which are characterized by their body size (Table S1-S2).

Ey(T-To)
Temperature dependence is acquired using an Arrhenius term r, = e ¥TTo , where T [K] is the

temperature, T, [K] is an arbitrary reference temperature (here 292 ° K), k [eV K] is Boltzmann’s
constant and Ey [eV] is the activation energy of rate or parameter Y (Gillooly et al. 2001) — see main
text and Table S2. Below follows a more detailed description and derivation of the size- and

temperature-dependent functions M; 4 p, 6 4 p» Imax,j,4,p @Nd 1) 4 p.

2.2.1 Metabolism

Importantly, for metabolism we also allow temperature to affect the size dependence of the metabolic
rate through parameter ¢, which scales the allometric exponent of metabolism (p; at the reference
temperature) linearly with temperature (in accordance with empirical studies, (Ohlberger et al. 2012;
Lindmark et al. 2018)). Only the numerical values of the temperature-dependent allometric functions
at 19 °C are presented in Table S2 for clarity — but note that when ¢ # 0, the metabolism is not only
scaled by the ry-function but also with a temperature-effect on the size dependence (allometric
exponent). The temperature- and size-dependent metabolism is modelled as

My ap = Typrmy 4 pP2cT=T0) (S1)

where p, is the allometric constant (see below), p; is the allometric exponent at 19 °C and c is a linear
temperature dependence of the allometric exponent (see section 2.2.4) We varied the c-parameter in the
main analysis to study the effect of temperature-independent size-scaling of metabolism (¢ = 0) as well
as the case when warming increases metabolic rate more for large individuals than small ones (i.e., ¢ >
0, here ¢ = 0.005). For the consumer population, the parameters p;, p5 and E,, are derived from
experiments on roach (van de Wolfshaar et al. 2006; Ohlberger et al. 2012). E,, is 0.594 [eV], similar
to values found in other studies (Downs et al. 2008), and p; = 0.77 (van de Wolfshaar et al. 2006). We
rescaled the allometric constant (p;) to unit g wet weight, assuming an energy density of 6000 J g%, in

line with previous studies (Pothoven et al. 2006; Lumb et al. 2007; van Leeuwen et al. 2008; van de
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Wolfshaar et al. 2012) and to a new reference temperature (19 °C, instead of 0 °C). This resulted in a
value for p, of 0.0123 g(1=2) day™* (Lindmark et al. 2018).

In this study, we assumed equal temperature dependence (activation energy) for the predator species
as for our consumer species (i.e. the same r,), but derived species-specific allometric parameters for
the predator’s metabolic rate based on experiments on pike (Armstrong et al. 1992). In (Armstrong et
al. 1992), the allometric function describing resting metabolic rate (oxygen consumption) at 15 °C was
estimated to be V,, =0.162mp® [mg O, h?]. Using the relationship 1kcalkg™*h™' =
308 mg 0, kg7t h™! (Groot 2010), we rescaled the metabolic rate for a representative predator
weighing 642.6 g to unit g g* day*. Assuming 1 cal = 4.1855 J at that temperature, metabolic energy
demand is 2226 cal day*, or 9316 J day*. With an energy density of 3600 J g™ for pike (Heikinheimo
& Korhonen 1996), the mass-specific metabolic rate becomes 0.004 g g day* at 15 °C. The parameter
p, in the equation for metabolism (Eq. S1) then becomes 0.0147 g(l‘f’é)day'l for pike at 15 °C, using
the same conversions. This can be rescaled to our reference temperature (19 °C) by dividing it with
0.7207 (Mp,15° ¢/Mp19° ¢, given the constant p; at 15 °C), yielding a p; of 0.02 [g2~°2) day] at 19
°C. Lastly, Diana (1982) shows that the allometric exponent (p3) for pike is strongly dependent on
temperature, but only two temperatures are given in that study. We therefore approximated a value at
19 °C by assuming a linear temperature effect on the exponents (p;,2 - ¢=097and pé’14 - ¢ = 0.82),
resulting in p;, ;4 - ¢ = 0.76. With these parameters, the mass-specific metabolic rate at 19 °C is 0.0043
g g* day?! for the predator, using Eq. S1. The resulting mass-specific metabolic rates are close to
previous studies using similar models with other piscivorous fish (van Leeuwen et al. 2008; van
Denderen & van Kooten 2013). However, it should be noted that the variation in metabolic rate for pike
is very large in the literature — even when accounting for the effects of size and temperature (Armstrong
& Hawkins 2008). Because metabolism is the major loss term in the biomass dynamics of the predator,
the exact value in relation to their ingested energy will shape their biomass densities at equilibrium for
a given Ry, 719, and therefore their ability to persist in warmer environments (see section 2.2.3 below
for parameterization of the resource). Thus, when making quantitative predictions, accurate descriptions
of both the bio-energetics and habitat R4, 719 are key parameters, as well as the feeding preference of
the predator. In this study, we focus on exploring the range of qualitative dynamics to identify the

mechanisms driving potential changes in community dynamics and structure.

2.2.2 Feeding rate

Ingested energy, I; 4(R), Ip;(J,A) and Ip,(J,A) for consumer life stages and the predator species,
respectively, follows a Holling type Il functional response (Holling 1959) (Table S1), with size- and

temperature-dependent functions describing maximum ingestion (I,qyx,;.4,,) and attack rate (a; 4 p).

Imax,j.ap is an allometric function given by r;e;m;*2*< (T-To), \We estimated parameters &, &,, ¢; and
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Ej(T-To)
the activation energy, E; within the temperature scaling functionr; = e ¥TTo | from data on estimated

allometric functions at different temperatures, provided in (H6lker 2000) (Table S3).

Table S3. Results from the nls model used to estimate parameters in allometric functions for I;4x 5 4

Parameter Estimate Standard error = t-value Unit

£ 0.248 0.004 61.97 g(l-g2)day~1
£ 0.767 0.003 234.28 -

E, 1.206 0.032 37.27 eV

(of} -0.011 0.001 -12.32 oc~t

These data stem from ad-libitum feeding experiments of roach weighing 1.2-300 g performed at
temperatures between 5 °C and 20 °C (presented in unit g day). Non-linear least-squares regression
(nls function in R version 3.4.2 (R Core Team 2018), using the Gauss-Newton algorithm) was used to
estimate the parameters. We assumed identical scaling of I, ; 4 p for both predators and consumers.
This is commonly done in physiologically structured population models (Claessen et al. 2000), and
there is no clear biological reason for why the size dependence of handling time (or maximum intake
rate as in our case) should differ significantly between prey types when the mode of feeding (active) is
the same. The allometric constant may, however, be species-specific, but as we are not aiming to make
guantitative predictions for a given species we believe this is an accurate approximation from a detailed
and rare set of experiments with a fully-factorial design, a large size range, and multiple temperature
replicates (Holker 2000; Holker & Haertel 2004). Note also that while intraspecific temperature
dependence of L4, ; 40 (Or handling time) shows remarkable variation (Dell et al. 2011a; Englund et
al. 2011a), our estimate (E;, = 1.206 eV) is at the higher end of the range (0-1.2 eV) given in (Dell et
al. 2011a). Therefore, in the default parameterization of the empirical model, we applied a value
identical to the activation energy for metabolism (E; = E;; = 0.594 eV), while keeping the other
parameters as in Table S2. However, we also varied the temperature dependence of functional response
parameters by scaling them relative to E,, using a factor of 0.5-1.5 (Table S2). These results are
presented in sections 4.4.6 and. In section 4.4.7 we performed a similar analysis but also controlling for
the temperature dependence of mortality.

We derive attack rates (a; 4 p) for each consumer life stage and the predator. Note that even though
the predator attack rates depend on the size of the consumer as well as the predator (Persson et al. 1998;
Claessen et al. 2000; Hjelm & Persson 2001), in our model we choose a predator size that yields
identical attack rates given the attack rate function and parameters used (see below) (Fig. S1), to

separate the effects of size-dependent attack rate from predator feeding preferences (p, see above).
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Consumer attack rate on zooplankton is modelled as a; , = r;A [m"A exp (1 - ";"A)] , where A is the

0z z
maximum attack rate (300 m3 day?), o, is the optimal forager size (41 g) and «a is the size-scaling
exponent (0.75). These attack rate parameters were estimated for roach from experiments with 1 mm
Daphnia as prey (Hjelm & Persson 2001).

For the predator’s attack rate on the consumer life stages, we follow the approach in Claessen et al
(Claessen et al. 2000). This is a length-based approach in which the predation window (W) is the range
of predator to prey (henceforth consumer) body length ratios that yield a positive attack rate. We used
the weight-length relationships presented in (Froese et al. 2014) (Ap; = 0.00447 (constant) and Ap, =
3.08 (exponent)) to convert length to mass for pike. The predation window, W(lp, l],A), as a function

of predator (Ip) and consumer (I, ) length (given by A¢; and A, — see section 2.1, is given by the

following equation:
l]A_amian .
——————  if  Uninlp <lig < Yopel
(ﬁopt—ﬁminﬂP f mint‘P J,A opt*P
— J Omaxlp-l .
W(lp, l],A) = mexPTUA Ioptle < Ua < Omaxly’

(’9max_190pt)lP
0 otherwise
where ¥,;,, is the minimum predator-consumer length ratio, 9,,, is the optimum length ratio and 9,4

is the maximum predator-consumer length ratio for which predation is possible. We use the parameter
values 9,,;, = 0.03 and 9,4, = 0.55 for pike (Persson et al. 2006). As we could not find an estimate
for 9,,, for pike, we adopted the default value of 0.2, based on the piscivorous predator perch (Perca
fluviatilis, L.) presented in Claessen et al (Claessen et al. 2000). The relative attack rate that the
predation window represents is multiplied with an allometric function of the form ﬁllgzw(lp, [a) 10
get absolute values in m3 day. We use the values g; = 0.4 and 8, = 0.6 (Claessen et al. 2000; De
Roos & Persson 2013) (see Fig. 11.2 in (De Roos & Persson 2013)). The representative body size of
the predator was set to acquire the same attack rate by the predator on both consumer life stages, i.e.
based on where the two attack-rate windows intersect for the two consumer life stages (Fig. S1), to
disentangle the effect of predator feeding preference which we scale with parameter p, from those of
its size-dependent attack rate.

The net energy gain is scaled by an assimilation efficiency, o, ,. We followed the approach in (van
Leeuwen et al. 2008) and used the values 0.4 and 0.3 for piscivory (o,,) and zooplanktivory (o),
respectively, and assumed assimilation efficiency to be temperature-independent (Peters 1983; Gilbert
et al. 2014).
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Fig. S1. Predator attack rate as a function of predator body length shown for adult (black) and juvenile
(grey) consumers. Orange dashed line shows the predator length that gives equal attack rates on both
consumer life stages, which is used to set the representative body size of the predator (47 cm, 642.6 g).

See section 2.2 for equations.

2.2.3 Mortality

As in (Lindmark et al. 2018), we assumed a temperature-dependent allometric function for whole-
organism background mortality of the form 7, ¢, m; 4 p¥2, where ¢, = 0.0015 (De Roos & Persson
2013) (see Box 3.4 in (De Roos & Persson 2013)) and ¢, = —0.25 (Gillooly et al. 2001) and E,, within
7, is set to 0.45 eV (Savage et al. 2004).

2.2.4 Temperature-size interactions

Note that while the temperature-size interaction term for maximum ingestion (c;) is significantly
different from 0 in the statistical model (Table S3), we only model temperature-effects on the metabolic
exponents in the dynamical models for clarity and refer to that parameter as ¢ (see also (Lindmark et
al. 2018); Equation S1). It does not matter qualitatively which exponents are varied (positive effect on
metabolism exponent or negative effect on maximum ingestion exponent), as both lead to steeper size-

scaling of the critical resource density needed to meet basal metabolic demands (R.;) in warmer

environments (see main text). R, 1S given by R.pir = LM where M is metabolic rate, o is the
a

Imax

assimilation efficiency, a is attack rate and I,,,,, iS maximum ingestion rate (Bystrom & Andersson
2005). For example, all else being equal, ¢ = 0.02 leads to an 85.6% increase in R..;; for a 32.4 g
individual (representative size for adult an consumer) at 26 °C relative to 19 °C (not shown), while ¢; =

—0.01 (i.e. interactive effect of size and temperature for maximum ingestion rate, as found in our
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species) leads to a 5.7% increase over the same temperature range and for the same body size. Previous
studies have found c to vary roughly between -0.02 and 0.02 (Ohlberger et al. 2012; Lindmark et al.
2018) for metabolic rate. If assuming a temperature-independent exponent of feeding rates (i.e. ¢; = 0),
¢ = 0.02 would lead to potentially large effects of temperature on the size-scaling of CRD. In this study
we used a value of ¢ = 0.005 (Fig. S2), which is lower than the upper range of c-values found in
previous studies on intraspecific temperature effects (e.g. ¢ = 0.02) (Ohlberger et al. 2012; Lindmark
et al. 2018) (see also (Lindmark et al. 2018) for an assessment of the effect of ¢ for a larger range of
values, including negative values). With ¢ = 0.005, R..,.;; increases by 15.9% for a 32.4 g individual.
This is larger than the empirical estimate of our model species (see above). However, since it is
substantially lower relative to potential effects of ¢ on R..;; (when considering the empirical range
found in a number of species (Ohlberger et al. 2012; Lindmark et al. 2018)), we view ¢ = 0.005 as a
small to moderate temperature-size interaction effect in terms of the effects on the size-scaling of R_,;;

at different temperatures.

A B
1.004{ == 19°C ] .
26°C temp + size 104c & 0.0100 26°C temp + size

— == 26°C temnp x size 104 A’_ E) 26°C temp x size

| = —_—

& 0751 : 2 0.00751

© . =

2 .5 growth

5 . o

S 0501 © 8 000501

K TE

g _ - - 2 +15.9%

-— 0 L)

5 0] OV - < 0.0025 | _

= L o starvation

» = /
-~
- ° 0.0000
0.00 4 : : : : : : - : .
0 25 50 75 100 0 25 50 75 100

Body mass [g] Body mass [g]

Fig. S2. Temperature- and size dependence of metabolic rate and the critical resource density (Ryit)
needed to meet metabolic demands. Metabolic rate (A) and critical resource density (B) as functions of
body mass for the consumer at 26 °C given positive interactive (c = 0.005) (blue) and independent
(c = 0) (coral) effects of temperature and body size on metabolic rate. Black vertical dotted lines in
panel (A) show 25 g and 99 g individuals for illustration purposes, for which metabolic rate is 94% and
104% higher at 26 °C relative to 19 °C when metabolism scales with a positive temperature-size
interaction. In the case of independent temperature-size scaling, metabolism increases with 74% relative
to 19 °C regardless of body mass. In (B) the effect of c is illustrated for a body size that represents the
adult life stage in our study species (vertical line), for which the critical resource density increases by

16% when ¢ = 0.005 compared to when ¢ = 0.
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2.3 Resource

We used the activation energy of resource turnover rate (Es = 0.43) as in (Lindmark et al. 2018) which
was acquired by fitting a non-linear least-squares regression to the increasing part of the hump-shaped
temperature dependence used in (Ohlberger et al. 2011) (s.e. = 0.01098, t = 39.42, p < 0.0001). This
hump-shaped curve stems from a bioenergetics model (Kards & Thoresson 1992), where parameters
for optimum- and maximum growth temperatures are derived from within-species population growth
data (Mitchell et al. 2004) (Fig. S3).

0.6 0.8 1.0 1.2
I I

Resource temperature scalar

04

5 10 15 20 25

Temperature (C)

Fig. S3. Simulated resource temperature scalar from Ohlberger et al., (2011) based on the bioenergetics
model in Karas & Thoresson (1992) and data from Mitchell et al., (2004) (black points). The red line
is the fit of the nls model to these simulated data, yielding an activation energy of Eg = 0.43. This is
the default value used in the main analysis (which also applies to E, _, see main text), but it also

varied in Table S5-S6.

To capture a broad range of realistic temperature dependencies of resource growth, we varied the
temperature dependence of Ry,qx 719 (19 °C) with parameter E, (Fig. 2). We did this by assuming
two contrasting scenarios; no effect of temperature on Ry,ax 19 (Eg,,,, = 0) O Rmax 119 declining with
the same rate as turnover rate increases (i.e. Er = —Es = —0.43 [eV]), based on mass conservation
and metabolic scaling principles (Gilbert et al. 2014) — see also methods section in the main text. The
resource turnover rate at reference temperature (19 °C) was assumed to be 0.1 (De Roos & Persson
2001, 2013; van de Wolfshaar et al. 2006). Ry,ax 19 Was varied between 0 and 2.6 [g m®] in the
analysis. This range was chosen to ensure both persistence of predators and non-cyclic dynamics in
most of the parameter space. Note that with increasing Ry, 119, the parameter regions with cyclic

dynamics increase (Fig. S8).
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3. Regulation of the consumer population

In stage-structured biomass models with two life stages (adults and juveniles), competitive asymmetry
between juveniles and adults (“ontogenetic asymmetry ) refers to juveniles or adults being more limited
by resources than the other. This implies that the life stage with the least efficient biomass production
becomes an energetic bottleneck. Several studies have pointed out that the most important consequence
of ontogenetic asymmetry is an overcompensatory response in biomass to mortality (De Roos et al.
2007; Persson & De Roos 2013). This is due to mortality relaxing resource competition, to which the
most resource-limited stage responds with increased net biomass production, which can manifest itself
in higher rates of per capita and population-level reproduction or maturation, depending on which stage
is more resource limited. Ultimately, this leads to a hump-shaped relationship between biomass density
at equilibrium and mortality (usually of one life stage).

As our main results of alternative stable states emerging in warmer environments, are due to the
presence or absence of biomass overcompensation (induced by predation in this case), we here explain
how the consumer population is regulated in terms of which life stage is the more efficient biomass
producer and its consequences for the effect or mortality (Table S4). In the absence of predators, the
consumer population is limited by slow reproduction and the adult life stage is an energetic bottleneck
in terms of biomass production (Persson & De Roos 2013). This can be predicted by the lower critical
resource density (R.,;;) of juveniles (see Fig. S2B) when both life stages compete for a shared resource.
Inspection of the rates of maturation and reproduction at equilibrium when the predator is extinct
verifies that reproduction is lower than maturation at high temperatures (Fig. S4B and see also Table
S4 for results at reference temperature without predators). This asymmetry in net biomass production
(adult energetic bottleneck) in the consumer population is what causes the overcompensatory response
to increased mortality when predators predominantly target juveniles (De Roos et al. 2007). To
generalize our results on stability and persistence over temperature and link them to the stage-structure
in the consumer population, we also redo the main analysis with the original (generic) parameterization
(De Roos et al. 2007; De Roos & Persson 2013) of the model while also varying the regulation of the

consumer population with the phenomenological parameter g, see section 5.

Table S4 Characteristics of the stage-structured consumer population in absence of predation mortality at reference
temperature using the empirical model with default parameterization.

Characteristic Result in empirical model (default parameters)
without predators
Which life stage has the lowest critical = Juveniles, which indicate they are superior competitors

resource density? for a shared resource (see Fig. S2B)
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Which life stage is more dominant in Adults (Adults=6.58 [g m], Juveniles=1.04 [g m™®])

terms of biomass density at

equilibrium?

Which rate is largest at equilibrium Maturation, causing a pile-up of biomass in the adult

(maturation vs reproduction)? life stage (maturation = 0.004 [g m-=day'] reproduction
= 1.51e-05 [g m3day])

Is there overcompensatory response to In Juveniles, as lower consumer biomass (from

mortality? mortality) reduces competition which increases per
capita and population level reproduction of adults,
causing an increase in juvenile biomass density at

equilibrium

3.1 In the presence of a predator

In the presence of a juvenile specialized predator (Fig. S4B), predation releases the adult consumer life
stage from strong intraspecific competition, resulting in a larger reproductive output than when
predators do not shape the stage structure of the consumer (Fig. S4A, or when predators are extinct in
Fig. S4B high temperatures; Table S4 for reference temperature without predators). In the latter
scenarios, a slow reproduction is the bottleneck of the consumer population. Therefore, a juvenile-
specialized predator promotes its own food source by inducing a high reproductive output in its prey
species. The general decline in predator biomass density with warming impacts the stage structure of
the consumer population (Fig. S5), and this is more drastic in the case of a predator feeding
predominantly on juveniles (Fig. S5B). Eventually the regulation of the consumer population also
changes (when predators collapse). This is evident in that with predators present (low temperatures in
Fig. S4B), consumer maturation rate is lower than the reproductive output, whereas when predators are
extinct (high temperatures in Fig. S4B) a slow reproduction instead limits consumer population growth.
When predators feed on both life stages they do not change the stage structure of the consumer to an
extent that alters their regulation. This is the mechanism behind biomass overcompensation, which
occurs when mortality releases the consumer life stage that limits population growth from high density

dependence.
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Fig. S4. Population-level maturation (y[v/ (R, P)]/) (black) and reproduction (v; (R)A) (grey) rate in
the consumer population (see Table S1) at equilibrium as a function of temperature, for a predator
feeding with equal intensity on both life stages (A) (p = 0.5) and a predator feeding exclusively on
juveniles (B) (p = 1). When reproduction and maturation rates differ (in terms of biomass density per
unit time), the growth of the consumer population is limited by the lower of the two rates. In this figure,
the consumer life stage is limited by low reproductive output from adults, unless juvenile-specialized
predators are present (B) at sufficiently high densities to induce a shift in the stage structure of the
consumer such that it becomes dominated by juveniles, leading to a slow maturation rate relative to the

reproductive output of adults. Er = —0.43, all other parameters have default values.

3.2 Ratio of juvenile to adult biomass density

Fig. S5 illustrates the juvenile to adult biomass ratio at equilibrium in the empirical model. It shows that
in the stable equilibrium with coexistence, the juvenile to adult biomass ratio decreases with
temperature, and does so more rapidly with positive temperature-size interactions (¢ = 0.005). This is
likely because temperature-size interactions induce a proportionally stronger negative effect on the
energetic efficiency of adults, which reduces the reproductive output and thus juvenile biomass (but
note the predator biomass density, which shapes the consumer stage structure through predation, is also
affected by ¢ = 0.005). Thus, persistence of a juvenile-specialized predator (p = 1; Fig. S5B) is

reduced when ¢ = 0.005 relative to ¢ = 0.
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Fig. S5. Ratio of juvenile to adult biomass at equilibrium as a function of temperature for a predator
feeding with equal intensity on both consumer life stages (A) (p = 0.5) and a predator feeding
exclusively on juveniles (B) (p = 1), for two temperature-size scaling scenarios for the consumer and
predator. ¢ = 0 (black lines) refers to independent effects of size and temperature and ¢ = 0.005 (grey
lines) means interactive effects of temperature on the size-scaling exponent of metabolism. Horizontal
dotted lines show 1:1 juvenile to adult biomass ratios. When predators feed exclusively on juveniles
(panel B), bistability emerges (then unstable equilibria which connect the two stable equilibria are
shown with thin red lines for completeness). The interactive temperature-size scaling for metabolism
shifts the stage structure in the consumer population, by reducing the energetic performance of adults,
leading to reduced reproductive output (see Fig. S4 and corresponding figure text for reproduction vs
maturation rate and how these rates regulates the consumer population). Note the different scales on the
y-axes and that in B, the consumer stage structure is no longer shaped by predation as predators are

extinct. Er = —0.43 and all other parameters have default values.

4. Parameter sensitivity of the empirical model

In this section, additional analyses to supplement the main analysis are presented. The results are

described and explained in the corresponding sections and figure legends.

4.1 Maximum resource density shapes coexistence

As maximum resource density, R,,q, 719, largely determines the community structure and composition
for a given temperature, we first performed continuation analysis of equilibria over R,,,, at 19 °C
(reference temperature, where all temperature scaling functions, ry, equal 1) (Fig. S6). This was done

in order to find a default R,,,4, 119 (Table S2) that ensures coexistence without a dominance of cyclic
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equilibrium dynamics, given default parameters (e.g. Fig. S8). Note, however, that we also vary the
parameter R, 110 iN the main analyses (Fig. 2, main text). From low to high R, r19-Values,
consumers can first invade a stable resource-only system. Then, depending on the type of feeding
preference in the predator, predators can either persist (limit point, saddle node bifurcation) (p = 1) or
invade (branching point, transcritical bifurcation) (p = 0.5). In the case of p = 1, invasion occurs at
higher temperatures than temperatures allowing for persistence, which gives rise to bistability where
predators are either absent or present. Above this R, r1o-Value (~1.3), all species can coexist. From
this point, if predators feed equally on both life stages (p = 0.5), higher R;,q, 119 results in cyclic

dynamics (Hopf bifurcation)
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Fig. S6. Effects of R4, 19 On food chain stability depend on ecological interactions. Equilibrium
biomass densities of the resource (A, E), consumer life stages (B-C, F-G) and predator (D, H) as a
function of R,,,4, 119, given a predator feeding with equal intensity on both life stages (A-D) (p = 0.5)
or exclusively on juveniles (E-H) (p = 1). Black lines (full and dashed) are stable equilibria and red
thin lines are unstable equilibria (connecting the two stable branches in the bistable region, shown for
completeness), which separate the two stable equilibria when there are alternative stable states.
Maximum and minimum biomass of a stable limit cycle is shown with points (top row, R,qx 119 >
2.9). Alternative stable states, where predators are either extinct or abundant, occur between R4, 719
~ (0.6-1.2) in E-H. Note the different scales on the y-axes and the logarithmic y-axis for resources

densities. Temperature is 19 °C and all parameters have default values.

4.2 Equilibrium biomass densities over temperature for different R,,,5x 110 (p = 1)

Fig. S7 illustrates the change in equilibrium biomass densities over temperature for three selected
Rinaxr19-Values, representing high, medium and low R4, r1o-values (covered in Fig. 2, main text),
and no (upper panel) and negative (lower panel) effects of temperature on R,y r19. It main purpose

is to complement Fig. 2 (main text) and to show actual biomass densities in addition to the bifurcation
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points shown in Fig. 2. This shows at which biomass densities predators collapse because they are not
able to control the stage-structure of their prey (Fig. S7H). It also shows that more productive (higher
Rmaxr10) Systems lead to higher biomass densities of predators, which allows them to persist at higher
temperatures. This is because biomass is transferred up in the food chain from the basal resource and is
built up in the predator population (De Roos & Persson 2013), which also explains why the consumer
biomass density at equilibrium does not change with R4, 719 When predators are present (Fig. S7B-C,
F-G).
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Fig. S7. Equilibrium biomass densities of the resource (A, E), juvenile (B, F) and adult (C, G)
consumers and predator (D, H) as a function of temperature for three different levels of R, 4, 71o. The
chosen R, 119 levels reflect the range of values used in Fig. 2 (main text) for the predator feeding
exclusively on juveniles (p = 1). The top row shows biomass densities when assuming no effect of
temperature on Ry, qx 719 and in the bottom row it is assumed that R4, 71 decreases with temperature
(Eg,,,, = 0 and —0.43, respectively). Thin red lines represent unstable equilibria, drawn to complete
the two stable branches in the bistable region. All parameters have default values (Table S1). Note that

predators do not go extinct in the given temperature range when Ry, 45710 = 2.5and E = 0.

4.3 Community composition over temperature and R4, 119 fOr the non-selective predator
Fig. S8 illustrates the community composition and type of dynamics as a function of R;,;,, 719 and
temperature for a predator feeding with equal intensity on both consumer life stages, given different

temperature-scaling scenarios. This is the p = 0.5-equivalent of Fig. 2 (main text). For the

R max=1.3
o R,.=19
o R,.=25
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corresponding biomass densities of the state variables for selected R,,,, r19-Values, see Fig. S9. The
temperature at which the cyclic dynamics of the food chain switch to fixed point dynamics increases
with RiaxT19, @S does the temperature at which the predator goes extinct. Note also that with equal

feeding intensity on both life stages warming does not cause bistability.
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Fig. S8. Effects of temperature on community structure depend on temperature scaling of R, 719 and
whether metabolism scales with body size and temperature independently (¢ = 0) or interactively (¢ #
0) in the consumer (C) and predator (P). With warming, the tri-trophic food-chain changes from cyclic
(grey space), to stable dynamics (white space), to being reduced to two trophic levels following predator
extinction (dark orange space). The figure shows how the species composition and dynamics of the
food-chain change with temperature and Ry;,qx 719, given no (Ex = 0) (A, C) or negative (Eg_ =
—0.43) (B, D) effects of temperature on R4, 719, With independent (A, B) or interactive (C, D) effects
of body size and temperature on metabolism. The predator feeds on both consumer life stages (p =

0.5), all other parameters have default values.

4.4 Equilibrium biomass densities over temperature for different Ry,45 719 (p = 0.5)
Fig. S9 illustrates the change in equilibrium biomass densities over temperature for three selected
Rpmaxr10-Values used in Fig. S8, representing high, medium and low Ry, r19-Values. This shows that

warming causes the predator biomass density to decline (but note no extinction occurs in the
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temperature range), and that this decline is more rapid when R4, 719 also declines with temperature
(Fig. S9 E-H versus Fig. S6 A-D).
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Fig. S9. Equilibrium biomass densities of the resource (A, E), juvenile (B, F) and adult (C, G)
consumers and predator (D, H) as a function of temperature for three different levels of R4, 1. The
chosen Ry,qx 119 levels reflect the range of values used in Fig. S8 for the predator feeding with equal
intensity on both life stages (p = 0.5). The top row shows biomass densities when assuming no effect
of temperature on R,y 4, r19. In the bottom row it is assumed that R, 19 decreases with temperature

(Er,,,, = 0 and —0.43, respectively). Only stable equilibria are shown. All parameters have default

values.

4.5 Community structure shifts with temperature and the predators’ feeding preference

Fig. S10 shows the location of bifurcations corresponding to changes in stability and stage structure as
a function of predators feeding preference (p) and temperature, using the empirical model. This analysis
is the empirical model’s analogue to Fig. 3A (main text) and illustrates the close resemblance between

the two alternative model parameterization in this scenario.
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Fig. S10 Community structure shifts with temperature and the predators’ feeding preference. In grey
regions all species in the food-chain exhibit stable population cycles, white corresponds to stable
predator-consumer-resource states, orange shows bistable regions where the food-chain exhibits
alternative stable states with predators being either extinct or abundant (here the lower temperature
boundary of the region corresponds to the invasion boundary and the upper is the persistence boundary),

and dark orange is the stable consumer-resource system where predators cannot persist. E =

—0.43, all other parameters have default values.

4.6 Persistence temperature for different predator feeding preferences and variation in
activation energy

The temperature dependence of individual-level rates can be highly variable, especially within species
(Dell et al. 2011a; Englund et al. 2011a). In addition, the relative activation energy of vital rates can
also determine the effect of temperature on population dynamics (Vasseur & McCann 2005; O’Connor
et al. 2011; Fussmann et al. 2014; Uszko et al. 2017). Therefore, we conducted an additional analysis
in which the activation energy of functional response parameters (a; 4 p and Iqx 5 4,p) Was scaled by a
factor of 0.5 and 1.5 relative to metabolic rate (E,; = 0.594). This results in E;-values between 0.297
and 0.891, which are in the range of estimates reported in the literature (Dell et al. 2011b; Englund et
al. 2011b). This analysis corroborates that a juvenile specialized predator has the lowest persistence (in

terms of temperature at extinction), in the empirical model (Fig. 1, main text), followed by a non-
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specialized predator and eventually the adult-specialized (p = 0), which could persist at the highest
temperature (Fig. S11). It also shows that the activation energies of metabolic rate and functional
response parameters only regulate at what temperatures bifurcations occur (i.e. predator extinctions,
onset of alternative stable states), and not if they occur, which instead is determined by feedbacks
between food-and size-dependent life history processes in combination with predator feeding
preference. This is in contrast to unstructured models, where the effects of warming on stability and
persistence largely can be predicted from the temperature dependence of energetic efficiency (Uszko et
al. 2017). Similar results were also found in (Lindmark et al. 2018). However, when feeding rates are
more temperature sensitive than metabolism (E; > Ej;), extinctions or bistability does not occur in the

studied temperature range for a predator feeding only on juveniles (Fig. S11-S12).
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Fig. S11. Predator starvation temperature as a function of predator feeding preference for different
interactive effects of size and temperature (c). Yellow points are from simulations with no temperature-
size interaction for metabolism (¢ = 0), orange points are from ¢ = 0.005 for consumers only and red
points show scenarios in which both consumers and predators have interactive temperature-size scaling
(c = 0.005). Lines correspond to scenarios in which the activation energy of functional response
parameters where scaled by 0.5 and 1.5 relative to metabolism activation energy, to mimic scenarios
with different feeding efficiencies (size-independent). Note that bistable dynamics are not highlighted
in this figure for p = 1. Ep = —0.43 and Ry4x710 = 1.3 g M3, all other parameters have default

values.
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Fig. S12. Community structure shifts with temperature and the activation energy of functional response
parameters relative to the activation energy of metabolism (E,;, = 0.594). In grey regions all species in
the food chain exhibit stable population cycles, white corresponds to stable predator-consumer-resource
states, orange shows bistable regions where the food chain exhibits alternative stable states with
predators being either extinct or absent (here the lower temperature boundary of the region corresponds
to the invasion boundary and the upper is the persistence boundary), and dark orange is the stable
consumer-resource system where predators cannot persist. E, = —0.43, all other parameters have

default values.

4.7 Effects of warming on predator biomass densities under different scenarios of energetic
efficiency

When the energetic efficiency is temperature-independent in the consumer and predator, such that there
is no change in the relative increase of gains (ingestion) versus losses (metabolism, mortality) with
temperature, the activation energy of the basal resource turnover rate (Es) does not qualitatively matter
for the effect of warming on predator biomass if maximum resource density decreases with the same

rate as turnover rate increases (Ez, = —Es) (see Table S5, in which E; = Ey = E,, = 0.594 was

assumed). However, with a temperature-independent Ry, 4, r19 (Eg,_ = 0), predator biomass density

max

increases if resource turnover rate increases faster with temperature than consumer and predator

feeding, metabolism and mortality, i.e. Es > Ejp . When Ry,.. 119 increases with temperature

(ER,,,, = 0.63), predator biomass density always increases with temperature (Table S5).

Table S5. Predator biomass responses to warming for different cases of temperature dependences in the basal resource. When
predator biomass declines, the persistence- and invasion boundaries (limit point and branch point, respectively) are shown.
Es-values are arbitrarily chosen to fulfil the conditions Es > Eju ., Es = Ejmy and Es < Ejp . Eg,,, is assumed to be -

Es, Es or 0, as in the main analyses and E; », = 0.594. While arbitrarily chosen, these values are still in the range of
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empirical estimates, see section 2 and (Savage et al. 2004). p = 1, All other parameters have default values (Table S2). Note,

these equilibrium continuations all start from a stable equilibrium, as the temperature scalar equal 1 at reference temperature.

Es Predator biomass response to warming (>19 °C)

Rinax
0.63 0 Increasing
0.63 -0.63  Decreasing

e Persistence boundary: 33 °C

e Invasion boundary: 23.2 °C
0.63 0.63  Increasing
059 0 No change
0.59 -0.59  Decreasing

e Persistence boundary: 33 °C

e Invasion boundary: 23.2 °C
0.59 0.59  Increasing
055 0 Decreasing

e Persistence boundary: > 36 °C

e Invasion boundary: > 36 °C
0.55 -0.55  Decreasing

e Persistence boundary: 33 °C

e Invasion boundary: 23.2 °C
0.55 0.55 | Increasing

Table S5 shows that predator biomass only increases with warming when Es > Ej » ., given that
Rimaxr19 1S temperature-independent and E; = Ey = E, = 0.594, or when R,,, increases with
temperature. In Table S6, we assess the effect of temperature on predator biomass density for the
scenario Eg > E,,, while also varying the effect of temperature on the energetic efficiency of consumers
and predators. This shows that predator biomass density can decline with increasing temperatures even
when Eg > Ej y , and Ry, 44719 IS temperature-independent, given that predator and consumer energetic
efficiency declines with temperature. As in Table S5, predator biomass density increases when R,
increases with temperature. If also the energetic efficiency declines with temperature, warming

eventually induces limit cycles (Hopf bifurcation at 28.4 °C).

Table S6. Predator biomass responses to warming for different cases of temperature dependences in the basal resource using
the empirical model. When predator biomass declines, the persistence- and invasion boundaries (limit point and branch point,
respectively) are shown. The temperature dependence of feeding rates are varied relative to the activation energy of

metabolism and mortality, the two loss terms for biomass (E, = E, = 0.594) to capture different effects of temperature on



549 the energetic efficiency of consumers and predators, given Es = 0.63, Ep =0, —0.63 or 0.63 and p = 1. All other
550  parameters have default values (Table S2).

E;:Ey, Es Eg, Predatorbiomass responsetowarming (>19 °C)
1.5 063 0 Increasing
1.5 0.63 | -0.63  Decreasing

e Persistence boundary: > 36 °C

e Invasion boundary: 26.9 °C

1.5 0.63  0.63 | Increasing
1 063 0 Increasing
1 0.63 | -0.63  Decreasing

e Persistence boundary: 33 °C
e Invasion boundary: 23.2 °C
1 0.63  0.63 | Increasing
0.5 063 0 Decreasing
e Persistence boundary: > 36 °C
e Invasion boundary: 29.6 °C
0.5 0.63 | -0.63  Decreasing
e Persistence boundary: 27.9 °C
e Invasion boundary: 21.8 °C

0.5 0.63 | 0.63  Increasing until onset of limit cycles (Hopf bifurcation at 28.4 °C)

551 4.8 Mean body size of the community under warming
552  We also calculated biomass-weighted mean body size (S;) of the community for stable equilibria at

553  temperature T (averaged for each T) as Sy = w, where S, is the representative body size of
sPs,T

554  juvenile consumers, adult consumers or predators (s =J,A,P) and Bgr is their corresponding
555  equilibrium biomass density at temperature T. The general decline in predator biomass with increased
556  temperatures leads to a decline in the biomass-weighted mean community body size (Fig. S13). As with
557  the abrupt predator collapse, the community size structure can also show a non-gradual abrupt decline

558  astemperature increases, leading to alternative stable “community size states”.
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Fig. S13 Mean body size (S;) in the community decreases with temperature, and warming can induce
abrupt shifts in mean community body size. The warming effects on S depend on maximum resource
density (Ryax119), €Cological interactions and temperature-size interactions, as shown for food-chains
with a predator species feeding with equal intensity on both consumer life stages (A, C) (p = 0.5) or
exclusively on juveniles (B, D) (p = 1), in a system with no temperature effects (A, B) on Ryax719
(Eg,,,, = 0)ordeclining Ry, 4, 719 With temperature (C, D) (Eg, = —0.43). Colors indicate different
temperature-size scaling of metabolism, where coral lines show independent effects of body size and
temperature, ¢ =0 and blue lines show positive interactive effects, ¢ = 0.005. Dashed curves
correspond to equilibria in which the predator has gone extinct, and mean community body size
correspondingly has shifted to smaller values. Stars indicate the maximum temperature for predator

persistence. Parameters have default values.

5. Generic stage-structured biomass model

In order to explore the robustness and generality of our results, we also analysed selected temperature-
scaling scenarios in a simpler model with respect to model functions and assumptions. This model (Box

4.1 and 4.2 in (De Roos & Persson 2013)) is a tri-trophic and temperature-dependent version of the
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original (generic) stage-structured biomass model (De Roos et al. 2007, 2008), to which we add
temperature dependence in the same way as the empirical model (see main text). All dynamical
equations are the same as presented in Eqns. 1-4 in the main text. The model is described in Table S7-
S8 (note some variable names may be overlapping with the empirical model because we wanted to keep
the same variable names as in the original formulation) (De Roos & Persson 2013).

The main motivation for using the generic model for comparison lies in its simplicity. Specifically,
in the generic model (De Roos et al. 2008), it is assumed that individual-level and mass-specific rates
(intake, maintenance, mortality) scale linearly with body size. Life stage specific competitive ability
(leading to ontogenetic asymmetry if not identical) is implemented by scaling the resource intake by
adults in relation to resource intake by juveniles with a single parameter g (Table S7). This asymmetry
in turn determines which life stage exhibits biomass overcompensation in response to mortality, and
thus whether emergent Allee effects and bistability occurs with warming. This is a more
phenomenological implementation of ontogenetic asymmetry compared to our empirical model, where
asymmetry emerges because vital rates scale sub-linearly with body size and consumer life stages are
characterized by different body sizes. For example, in the empirical model, feeding rates and
metabolism stem from single species experiments or data and thus are more realistic. The parameters
in the generic model stem from averages from inter-specific relationships (e.g. ectotherm invertebrates)
(De Roos & Persson 2013). However, while the generic parameterization is more phenomenological, it
can be used to generalize the results of the empirical model and show how they emerge because of the
specific type of asymmetry in the empirical model (i.e. juveniles being competitively superior to adults).
Another important difference is that the generic parameterization uses a Monod-equation (Monod 1949)
with a size independent (constant) half saturation resource density, as opposed to the Holling Type Il
functional response with a size-dependent attack rate in our default, empirical parameterization.

We implement temperature dependence in the generic model in the same way as in the empirical
model, i.e. by scaling the parameters resource turnover (p), maximum resource density (Rqx),

maximum intake rate (M p), background mortality (¢ p) and maintenance (T¢ p) with the Boltzmann-

Ey(T-To)
Arrhenius function e ¥TTo | where E, refers to the activation energy of the corresponding rate (same

as in the empirical model, see Table S2 for values).

Table S7 Model equations and functions of the original (generic) stage-structured biomass model

Dynamic equations Description

dR Resource biomass dynamics
= G(R) — ) (R)] — wa(R)A Y

Biomass dynamics of juveniles

dt
dj — 1t +

dc_ A (R)A — Y(V] ) d])] +v;(R)] — d;(P)]
d_A Biomass dynamics of adults
dt

=y(vf.d))] + (wa(R) —vi(R)A —d,(P)A



dpP Biomass dynamics of predators
=2 = wp(,4) — pp)P Y P

dt
Function  Expression Description
G(R,T) P(Rmax — R) Intrinsic resource turnover
w;(R) M.R/(H;+R) Resource intake by juveniles
w4(R) qM.R/(H. + R) Resource intake by adults
v;(R) ocwy(R) — T Net energy production of juveniles
v4(R) o.w4(R) —T, Net energy production of adults
d,;(P) W+ MppP Mortality rate of juveniles
Hy,+¢]+(1—-¢p)A
d,(P) 1+ Mp(1— )P Mortality rate of adults
Hy,+¢]+(1—¢)A
y(vy.d)) 1—‘1{(’3) Maturation rate of juveniles
Wi ® - d)(P)/(L-z TE)
vp(J,A) M o]+ (1 —)A Net energy production of predators

TV
604

605 Table S8 Parameters in the original (generic) stage-structured biomass model. See Box. 3.4 in De Roos & Persson (2013).

Parameter = Value Unit Description
Resource
p 0.1 day!  Resource turnover rate
Ronax 18 mg/L  Resource maximum biomass density
Prey
W, 0.0001 g
M, 0.1Ww, 925 day!  Mass-specific maximum ingestion rate
H, 3 mg/L  Ingestion half-saturation resource density
q 0.50r2 - Adult-juvenile consumer ingestion ratio
T, 0.01W, 925 day!  Mass-specific maintenance rate
o, 0.5 - Conversion efficiency
z 0.01 when - New born-adult consumer size ratio
q=0.5;05
when
q=2

W 0.0015W, 925 day!  Juvenile background mortality rate



606

607
608
609
610
611
612
613
614
615
616
617

618

619
620

Ha
Predator

0.0015W, 925

0.01
0.1Wp 925
3
0.01W, 925
0.5
0.0015W; %25
0.0-1.0

empirical model.

day!  Adult background mortality rate

day? Mass-specific maximum ingestion rate
mg/L  Ingestion half-saturation resource density
day? Mass-specific maintenance rate

- Conversion efficiency
day? Predator background mortality rate

- Predator foraging preference for juveniles

6. Assessing the sensitivity to model functions using a generic model

In addition to evaluating parameter sensitivity of model results we also assessed the sensitivity of the
model with respect to model functions, using the generic model parameterization (De Roos et al. 2007;
De Roos & Persson 2013). This also allowed us to test the correspondence between the empirical model
with its more complex empirically derived parameterization and the simpler, more phenomenological
generic parameterization, and to generalize the results by showing that the type of regulation in the
consumer population determines the effect of stage-specific predation on stability and persistence (see
Fig. 3, main text). Fig. S14 shows the equilibrium biomass densities over temperature using the generic
model parameterization coupled with the default temperature scaling. Qualitatively the results are very

similar to those shown in Fig. 1 (main text), which are based on the analogues analysis using the

A Resource B Juvenile C Adult D Predator
100.0 1 4, 2 - 9 .
“:)_| . 3 ¢ 6 A o]
- A .
£ 100 ’ 2 Y 1 . ) ?
=) _.\ 3 4. Q
-~ . 1 '\ .
'a‘ l. l’
B 10 0 0 0
o
[} E G H
T 100.0 1.00 5 — 5 -
g 4 4 \
g 0.75 A ; ; .
S 100 1T 050 ) | ) \ W
m S~ 025 _ ! <
—_— 1 1 1 1 /
1.0 +T—rrr+rTrTT1 900 +—TTrTT—TTTT 0 +—+"TrTTTTTr" 0 +—r—T+—F 1T

36 B 12 24 38 6 12 24 36 6 12 24 36
Temperature [°C]

Fig. S14. Effects of warming on food chain stability depend on ecological interactions — generic model

parameterization (De Roos et al., 2007) with added temperature-dependence. Equilibrium biomass
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densities of the resource (A, E), consumer life stages (B-C, F-G) and predator (D, H) as a function of
temperature, given a predator feeding with equal intensity on both life stages (A-D) (¢ = 0.5) or
exclusively on juveniles (E-H) (¢ = 1). Black lines (solid and dashed) are stable equilibria and red thin
lines are unstable equilibria (connecting the two stable branches in the bistable region), which separate
the two stable equilibria when there are alternative stable states. Maximum and minimum biomass
density of a stable limit cycle is shown with points (top row below ~13 °C). Alternative stable states,
where predators are either extinct or abundant, occur between ~21-30 °C in E-H. Note the different
scales on the y-axes and the logarithmic y-axis for resources densities. Er = —0.43, ¢ = 0.5, all

other parameters have default values (SI Appendix S2, Table S8).
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