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ABSTRACT: Elevated temperature causes metabolism and respiration
to increase in poikilothermic organisms. We hypothesized that inverte-
brate consumers will therefore require increasingly carbon-rich diets
in a warming environment because the increased energetic demands
are primarily met using compounds rich in carbon, that is, carbohydrates
and lipids. Here, we test this hypothesis using a new stoichiometric
model that has carbon (C) and nitrogen (N) as currencies. Model pre-
dictions did not support the hypothesis, indicating instead that the nu-
tritional requirements of invertebrates, at least in terms of food quality
expressed as C:N ratio, may change little, if at all, at elevated temper-
ature. Two factors contribute to this conclusion. First, invertebrates
facing limitation by nutrient elements such as N have, by default, ex-
cess C in their food that can be used to meet the increased demand for
energy in a warming environment, without recourse to extra dietary
C. Second, increased feeding at elevated temperature compensates
for the extra demands of metabolism to the extent that, when metab-
olism and intake scale equally with temperature (have the same Q,,),
the relative requirement for dietary C and N remains unaltered. Our
analysis demonstrates that future climate-driven increases in the C:N
ratios of autotroph biomass will likely exacerbate the stoichiometric
mismatch between nutrient-limited invertebrate grazers and their
food, with important consequences for C sequestration and nutrient
cycling in ecosystems.

Keywords: temperature, food quality, threshold elemental ratio, growth
efficiency, metabolism, ingestion.

Introduction

The surface temperature of the earth increased by about 0.6°C
during the twentieth century and may increase by a further
1.0°-3.7°C by the year 2100, depending on future greenhouse
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gas emissions (IPCC 2013). Embedded within this gradual
change are strong regional and temporal variations in tem-
perature on a range of scales, including extreme events. Tem-
perature governs biochemical reaction kinetics and, thereby,
many physiological processes in organisms (Gillooly et al. 2001).
Poikilothermic invertebrates are especially vulnerable to warm-
ing via impacts on growth, reproduction, foraging, immune
competence, and competitiveness (Portner and Farrell 2008).
In particular, elevated temperature gives rise to increased me-
tabolism and respiration (Gillooly et al. 2001; Angilletta et al.
2004; Ehnes et al. 2011; Ikeda 2014). Temperature thereby
impacts on trophic interactions between consumers and prey
(Rall et al. 2010; Dell et al. 2014) and, in turn, food-web dy-
namics and the structure and functioning of ecosystems (Wal-
ther et al. 2002; Friberg et al. 2009; Traill et al. 2010). Even rel-
atively moderate warming could generate a cascade of trophic
interactions (Barton and Schmitz 2009).

Invertebrates primarily use compounds rich in carbon (C)
such as carbohydrates and lipids to meet the demands of me-
tabolism, thereby sparing protein for growth and reproduc-
tion (Lemcke and Lampert 1975; Roman 1983; Elendt 1989).
The energetic demands of respiration usually account for a
major fraction of the organic matter processed by organisms
(Mayor et al. 2009), in which case growth efficiency declines
as respiration increases with temperature (Iguchi and Ikeda
1995; Heilmayer et al. 2004; Doi et al. 2010; Vucic-Pestic et al.
2011; Lemoine and Burkepile 2012; Cross et al. 2015). An-
imals should then require extra C in their diet (Acheampong
et al. 2014) and may, accordingly, select for increasingly C-
rich foods in a warming environment. Boersma et al. (2016),
for example, found that when the marine copepod Temora
longicornis was fed a mixture of the algal species Rhodomonas
salina (with C:N:P of 320:38:1) and the heterotrophic di-
noflagellate Oxyrrhis marina (C:N:P of 175:25: 1), the zoo-
plankter selected for the algal (high C) diet when exposed to
elevated temperatures rather than for heterotrophic (low C)
prey. Likewise, experimental work has shown that caterpillars
increase their preference for carbohydrate-rich diets at high
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temperatures when fed diets with differing carbohydrate-to-
protein ratios (Lee and Roh 2010; Lee et al. 2015). It could also
be the case that homeotherms prefer to eat food items with
arelatively high C: N because they have greater requirements
for C in metabolism than poikilotherms (Klaassen and Nolet
2008).

Nutrient elements such as nitrogen (N) also play an impor-
tant role in metabolism (Mayor et al. 2011; Zhu et al. 2016)
and are likewise influenced by environmental temperature
(Ikeda 2014). Protein turnover rates, for example, can reach
0.1 day™" (Mente et al. 2002; Mayor et al. 2011). In contrast
to the works described above, some studies have shown various
insects selecting for diets that are rich in N (rather than C) at
elevated temperatures. Lemoine et al. (2013), for example, found
that the herbivorous beetle Popillia japonica selected for high-N
plants when exposed to warming, suggesting increased lim-
itation by N, when provided with a choice of nine plant spe-
cies. In a similar fashion, Schmitz et al. (2016) noted that ju-
venile grasshoppers favored greater protein intake at elevated
temperatures when fed diets with contrasting carbohydrate-
to-protein ratios.

Growth is fueled via metabolism (West et al. 2001; Zuo et al.
2010), and so, in accordance with both the metabolic theory
of ecology (Gillooly et al. 2001; Brown et al. 2004; Irlich et al.
2009) and Dynamic Energy Budget Models (Freitas et al.
2010; Teal et al. 2012; Kearney et al. 2013), the growth rate
of a variety of organisms is seen to increase with increasing
temperature (Gresens 1997; Campbell et al. 2001; Sogard and
Olla 2001; Kendrick and Bernard 2013; Hayes et al. 2015; Yang
et al. 2016). Greater intake rates are frequently seen at higher
temperatures (Deason 1981; Durbin and Durbin 1992; Almeda
et al. 2010; Yang et al. 2016) in response to the extra demand
for substrates, without which additional growth cannot occur
(Hayes et al. 2015). Given the multiple effects of temperature
on metabolism, growth, and intake, the combined impact on
the nutritional requirements for C and N in consumers is
complex and not well understood (Makino et al. 2011; Pers-
son et al. 2011; Kearney et al. 2013; Lemoine et al. 2013; Lee
et al. 2015), especially as many invertebrates, including zoo-
plankton and insects, are limited by nutrient elements (Hes-
sen 1992; DeMott et al. 2001; Frost and Elser 2002; Huberty
and Denno 2006). Understanding the effect of temperature
on invertebrate nutrition requires a stoichiometric approach
based on rules that define how organisms simultaneously pro-
cess multiple elements in their food for metabolism and growth,
taking into account both food quality and quantity. Although
a large number of publications on organism stoichiometry
have appeared over the past two decades, as have a wealth of
papers on the potential consequences of rising temperatures
for metabolism and growth, the combined effect of temper-
ature and nutritional demands has received less attention (Pers-
son etal. 2011; Boersma et al. 2016; Malzahn et al. 2016; Zhang
et al. 2016).

Here, we present a new, relatively simple stoichiometric
model to explore the interaction between temperature (in-
cluding effects on both metabolism and intake) and food qual-
ity (expressed as C:N ratio) on poikilothermic invertebrates.
We focus on N as the nutrient element because it is typically
limiting in terrestrial and marine environments, and therefore
sufficient data are available for model parametrization. Specif-
ically, we test the following hypothesis: Invertebrate consumers
will require increasingly C-rich diets in a warming environ-
ment because the temperature-driven increase in the meta-
bolic demand for C is proportionally greater than the de-
mand for nutrient elements. A corollary to the hypothesis
is that, if confirmed, consumers should preferentially select
for increasingly C-rich foods in response to climate warming.
Although our analysis is relevant for poikilothermic inverte-
brates in general, we focus on zooplankton because of their
biogeochemical significance in aquatic ecosystems and the rel-
ative ease with which data can be obtained for both marine
and freshwater species, facilitating parameterization of the
model.

Model Description

The model presented herein has as its basis the fundamental
principles of ecological stoichiometry as described by Ander-
son and Hessen (1995), but with new equations for metabo-
lism (explicitly separating protein turnover and the energetic
demands of respiration) and its dependence on temperature.
The temperature dependence of food intake is also included.
The model is parameterized for zooplankton but is constructed
to represent poikilothermic invertebrates in general. Con-
sumers are assumed to have fixed body composition. While
absolute homeostasis is a simplification even for inverte-
brates, variations are considered to be minor relative to the
flexible stoichiometry of autotrophs (Sterner and Elser 2002).
Moreover, variations in the C:N ratio in animals (our focus
here) are much smaller than those in the C: P ratio (Andersen
and Hessen 1991; Sterner and Elser 2002).

Fundamentals of Stoichiometry

The basic principles of the stoichiometry of consumer growth,
as presented in Anderson and Hessen (1995), are presented
in this section, before proceeding to a description of the new
model in the next. The equation for the growth, G (day™'), of
a zooplankter with C: N ratio 0, experiencing food with C: N
ratio 6 is

G = Bckclc = BNkNINez (1)
(Anderson and Hessen 1995), where I is ingestion of C (day ™),
Iy is ingestion in N units (Iy = I¢/6; mol N mol C ' day ™),
Bc and By are absorption efficiencies (AEs) for C and N, re-
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spectively (the efficiency of passing substrates across the gut
wall; Penry 1998), and k. and ky are the corresponding net
production efficiencies (NPEs; the fraction of absorbed sub-
strates incorporated into new biomass). Imbalances between
the demands of growth and metabolism and food C:N lead
to either C or N limiting production (defined as the synthesis
of new biomass, including reproduction), requiring disposal
of the (nonlimiting) element in excess in order to maintain
homeostasis. The simplest assumption is to fix the AEs, ¢
and By, as constants, thereby assuming that stoichiometric
regulation of homeostasis is primarily postabsorption by the
gut (Anderson et al. 2005; Schoo et al. 2013). Net production
efficiencies, kc and ky, are then variable, depending not only
on utilization of substrates for growth and metabolism but
also on the dissipation of excess C or N by respiration or ex-
cretion. Limiting elements are used for growth with maxi-
mum efficiency (no stoichiometric excess); these maximum
NPEs for C and N are denoted k. and ky. The threshold el-
emental ratio (TER; 6;) is the C: N ratio in food that exactly
matches the requirements for growth and metabolism of the
consumer, with neither C nor N being in excess. The equa-
tion for the TER is derived by rearranging equation (1), re-
placing Iy with I../6;:

_ Bukit,

0; .
"7 Beke

(2)

The use of a fixed value to represent the maximum NPE for
C, ke, is simplistic because it takes no account of different
terms in the metabolic budget nor of dependency on food
quantity. When food is scarce, for example, k¢ tends to be
low because respiration accounts for a large proportion of the
Cbudget (Urabe and Watanabe 1991). A number of stoichio-
metric models have been developed that explicitly represent
basal metabolism in order to redress this difficulty (Anderson
and Hessen 2005; Anderson et al. 2005; Acheampong et al.
2012). These models follow a sequence of steps when dealing
with the fate of ingested substrates: intake, absorption, and
basal metabolism, with remaining substrates used for growth
and leftovers disposed of by respiration or excretion.

Model Equations

The new model presented here (fig. 1) has C and N as curren-
cies and includes basal (resting) metabolism represented by
two terms: biomass turnover (akin to protein turnover; pa-
rameter 7, day”'; requiring both C and N in ratio ¢,) and
other basal metabolism (parameter {, day™'; a C-only cost
representing basic cellular processes including production of
adenosine triphosphate [ATP], maintenance of ionic and mo-
lecular gradients, etc.; Karr et al. 2012). The model also in-
cludes the energetic costs of acquiring food (including search-
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ing for and capturing prey), ingestion, digestion, absorption,
and assimilation. These costs are correlated with intake and
are known collectively as specific dynamic action (SDA; pa-
rameter 7), which is the ratio of Clost to respiration as a frac-
tion of intake (Secor 2009).

The model equations are novel in three aspects: (i) growth
and basal metabolism are calculated simultaneously (as they
would occur in reality) rather than in a series, (ii) the synthe-
sis of new biomass (G) and replacement biomass (7) are treated
biochemically as one and the same process, and (iii) the tem-
perature dependence of metabolic processes, as well as inges-
tion, is included. A list of model variables and parameters is
provided in tables 1 and 2. Based on i and ii above, the total
synthesis of biomass, S, (the sum of G and 7; day™'), can be
calculated in analogous fashion to equation (1):

S =G+71 = BCKCIC = BNKNINGZ. (3)
Growth is then
G = Bekele — 7 = BuknInb, — 7. (4)

Note that, in comparison to equation (1), parameters k. and
kx have been replaced by parameters k¢ and ky (net synthe-
sis efficiencies [NSEs]: the fraction of absorption allocated
to S..). As with Anderson and Hessen (1995), C-rich com-
pounds are preferentially used for respiration, thereby spar-
ing protein (N) for growth (Roman 1983; Elendt 1989). The
theoretical maximum NSE for N, «y, , then equals 1.0. On the
other hand, the maximum NSE for C, k¢ , is necessarily less
than 1.0 because of both the energetic costs of SDA (param-
eter n) and other basal metabolic costs (parameter {). When
C is limiting (no excess C), Si: is Bclc — ¢ — nlc, in which
case K. is

ke = 1— S
¢ BCIC BC

(5)

By replacing k¢ and ky with ¢ and &y, in either equation (3)
or equation (4) and rearranging to solve for 0; (with Iy =
I./6;), the TER is

Bkt _ Bkt

0; = = .
! 6CKZ: Bc_f/lc_ﬂ

(6)

Note that because the synthesis of new biomass and replace-
ment biomass is considered a single process, subject to a sin-
gle set of stoichiometric constraints, parameter 7 does not
appear in equations (5) and (6). This novel feature of the
model simplifies the analysis in that the ideal food C:N—
that is, the calculated TER—is not a direct function of bio-
mass turnover, 7 (note that there is, however, an indirect ef-
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Figure 1: Flow pathways of carbon (C) and nitrogen (N) in the model, showing the separate cases for C versus N limitation. Note that nitrogen
growth (Gy) and nitrogen biomass turnover (7y) are equivalent to G and 7, except with units of mol N mol C™" day ™. See tables 1, 2 for defini-

tions of terms.

fect: increasing 7 requires higher I in order to meet the costs
of maintenance, driving the TER downward). The net utili-
zation efficiencies, parameters k¢ and ky, depend on whether
C or N is limiting:

. 0
C limitation (6; < 6;): kc = k&, Ky = Beke i (7)
Bub-
N limitation (0; > 6;): ke = B 2 kn = K. (8)
Bcef

C and N are lost via respiration and excretion, directly via
metabolism, and as a means of alleviating stoichiometric ex-
cess. Losses due to biomass turnover are allocated as ad-
ditional fluxes contributing to respiration (R, mol C mol
C ' day ') and excretion (E, mol N mol C™' day™'):

R = Bc(1 — k)lc + 7, (9)

E = By(1 — k) + 1

= (10)

Losses to fecal pellets, W and Wy, are

We = (1 - BC)IC> (11)

Wy = (1 - BN)IN~ (12)

Zooplankton require minimum rations of C and N in order
to meet the costs of metabolism (7 + {). The minimum C
ration, I, ¢, occurs when Bekclc — 7 = 0, in which case

T+ ¢
Imin = . 13
¢ Bc—n (13)

Likewise, the minimum N ration, I.,~, occurs when
BuknIn — 7/6, = 0, giving

T

IminN = o5 -
B0y

(14)
The C:N of the minimum ration, I, c.n, is then

IminC:N -

Toine Bkt ( f) (15)

= 142
IminN BC - 7’ T
Intake as a function of food concentration, F (mmol C m ™),
is described using a type III functional response (Holling 1959;
Almeda et al. 2010):

I F?

Io = —"5—,
C T Ly’ + P

(16)
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Table 1: Model variables
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Variable Definition Unit of measure
Ic Intake: carbon mol C mol C™' day™’
IN Intake: nitrogen mol N mol C™" day™*
F Food density mmol C m™
G Growth Day™!
Stot Total biomass synthesis Day ™!
R Respiration mol C mol C™' day™'
E Excretion mol N mol C™" day™’
We Fecal production: carbon mol C mol C™' day™*
Wy Fecal production: nitrogen mol N mol C™' day™*
0, Food carbon: nitrogen mol C mol N™!
0; Threshold elemental ratio mol C mol N ™!
O Growth carbon: nitrogen requirement mol C mol N™!
Om Metabolism carbon: nitrogen requirement mol C mol N™*
K Maximum net synthesis efficiency: carbon Dimensionless
Kc Realized net synthesis efficiency: carbon Dimensionless
Kn Realized net synthesis efficiency: nitrogen Dimensionless
Loinc Minimum ration: carbon mol C mol C™' day™*
Loinn Minimum ration: nitrogen mol N mol C™' day™’
Toincin Carbon: nitrogen of minimum ration mol C mol N™!
T Temperature °C

where I, is the maximum intake rate (mol Cmol C™* day™") Parameterization

and I is the half-saturation constant (mmol C m™).

The influence of temperature is included in the model by
applying temperature quotient (Q,,) relationships to metab-
olism and intake, parameters Q,, Q,, and Q,c representing the
temperature dependence of biomass turnover, other basal
costs, and the maximum intake rate (parameters 7, {; and
I Tespectively). It may be reasonably assumed that the en-
ergy requirements associated with SDA (parameter n) are fixed
and independent of temperature (Secor et al. 2007), although
the experimental evidence is somewhat equivocal (Secor 2009).
We adopt a parsimonious approach in this regard and as-
sume that SDA is fixed; the findings and conclusions presented
herein are not sensitive to this assumption.

Table 2: Model parameters

The model is constructed for poikilothermic invertebrates
in general, but is parameterized for marine copepods, a group
of zooplankton that is ubiquitous throughout the global ocean.
An advantage of the model is that it has only seven stoichio-
metric parameters (By, B 02 kv 7> & ), plus the extra pa-
rameters for temperature dependence (Q,, Q,, Qic) and the
functional response (I...» Inar). The absorption efficiencies
for C and N were assigned fixed values, B = 0.64 and
Bx = 0.69 (Anderson 1994). Zooplankton C:N was set at
0, = 5.5 mol Cmol N7' (e.g., Gismervik 1997). Parameter
Ky, the maximum net synthesis efficiency for N, could be
assigned a value of 1.0, which gives the potential for 100%

Parameter Definition Default value Unit of measure
Be Absorption efficiency: carbon .64 Dimensionless

B Absorption efficiency: nitrogen .69 Dimensionless

Kx Maximum net synthesis efficiency: nitrogen 9 Dimensionless

T Biomass turnover .094 Day™!

¢ Other basal costs .052 Day ™'

n Specific dynamic action 12 Dimensionless

0, Consumer carbon : nitrogen 5.5 mol C mol N™*
I Maximum ingestion rate 1.3 mol C mol C' day™*
Lo Half saturation for intake 3.0 mmol C m™?

Q. Q, for parameter 7 2 Dimensionless

Q; Q, for parameter { 2 Dimensionless

Q¢ Q.o for parameter I, 2 Dimensionless

Note: Values for 7, {, and I, are for a reference temperature of 17°C.
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protein sparing. In reality, however, sparing is unlikely to
reach 100% because the associated enzymatic pathway for
generating energy using proteins will likely be downregu-
lated, rather than totally excluded, in the presence of C-rich
substrates; a value of K, = 0.9 was therefore used (e.g., Kuij-
per et al. 2004). Biomass turnover and other basal costs of
metabolism were set at 7 = 0.094 day™' (Anderson et al.
2005; based on measured excretion rates of Daphnia [DeMott
et al. 1998]) and ¢ = 0.052 day ™' (Anderson et al. 2005),
with both 7and { assigned a Q,, of 2 for temperature depen-
dence (Q, = Q; = 2.0; Ikeda et al. 2001). Specific dynamic
action, parameter 7, was assigned a value of 0.12 (Thor et al.
2002), meaning that 12% of intake is required to meet the
associated bioenergetic costs. Parameter settings for the zoo-
plankton functional response were I,,,,, = 1.3 mol CmolC™'
day™' (Kierboe 1989) and I,y = 3 mmol C m ™ (Anderson
et al. 2010), with a Q,, for intake, Q,c, of 2 (Kigrboe et al.
1982; Durbin and Durbin 1992; Julian et al. 2001; Almeda
et al. 2010). The values assigned to temperature-dependent
parameters (7, {, I..,) are all for a reference temperature of
17°C, which is the temperature used in the experiments of
Kigrboe (1989) that are used as a basis for model-data inter-
comparison.

Results

A validation exercise was performed initially in order to dem-
onstrate model performance with respect to fundamental con-
cepts of how consumer growth is affected by (i) food quality
and (ii) temperature-dependent intake (food quantity). The
key hypothesis—namely, that consumers will require increas-
ingly C-rich diets in a warming environment—was then ex-
amined in two stages. First, the model was used to investigate
the effect of increasing metabolism at elevated temperatures
on consumer nutritional requirements for C and N, without
including the effect of temperature on intake. Second, the anal-
ysis was extended to include the effect of temperature on both
metabolism and intake, providing an investigation of the de-
gree to which increased intake associated with warming can
offset (compensate for) the increasing costs of metabolism.

A key premise underscoring the hypothesis that animals
should require increasingly C-rich diets with warming is that
the C:N ratio of metabolism is higher than that of growth,
with energetic costs being preferentially met using carbohy-
drates and lipids. Before proceeding further, we confirmed
this assumption based on the model parameterization. The
C:N ratio of metabolism (6y,) is equal to the food require-
ment at the minimum ration—that is, the ration that exactly
balances the costs of metabolism—with zero growth (eq. [15]).
Using default parameter values (table 2), 6,y = 10.2 mol C
(mol N)~". Note that if the two components of metabolism,
biomass turnover (7) and other basal costs ({), scale equally
with temperature—that is, have the same Q,—then 6, is

constant, independent of temperature. The C:N of growth
(05) is not simply the C:N ratio of the consumer but also
includes C and N losses associated with absorption and
SDA. Carbon growth efficiency when metabolism is zero
(1 = & = 0)is Bc(1 —n/Bc) (eq. [5]), in which case each
unit of growth requires 1/(8c — n) units of C. The corre-
sponding requirement for N is 1/(Byky), and so 6 is calcu-
lated as

_ Buknd,

Bec—n '
Using default parameter values, 0; = 6.6 mol C (mol N) ™.
The premise that metabolism has a greater C: N than growth
is thus supported (6; = 6.6 < 0y = 10.2). Note that the
ratio 60y,/60; is equal to 1 + {/7 (compare eq. [15] with
eq. [17]), highlighting the importance of parameter { (other
basal costs) in the analysis (if { = 0, 6; and 6, would both
equal 6.6). The optimal diet of consumers (which occurs at
the TER) combines C and N as required in ratios 6, and 0.
The fraction of carbon intake used to meet the costs of me-
tabolism, f, is

0c (17)

T+ ¢
f=m—7"
Bc —mlc
The equation for the TER can then be recast as

(18)

« 1
0, = . 19
= i+ 0= 1)
The relationship between the TER and C used in metabo-
lism versus growth is shown in figure 2. The maximum value

of the TER occurs when C and N are used solely for metab-
olism, that is, at 0, with zero growth. The TER declines as

12
. growth
10 D metabolism

relative utilization of C

70 75 80 85 90 95 100
0g 0
TER M

Figure 2: Relative utilization of carbon (C) for growth and metab-
olism, demonstrating the limits of the threshold elemental ratio (TER;
minimum = 6; = 6.6; maximum = 6, = 10.2).
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the requirements of metabolism become relatively less, with
a theoretical minimum equal to 6; where metabolism is
zero. Any food C:N ratio that is external to these bounds
(0\ and 6;) will automatically lead to a nutritional imbal-
ance for consumers.

Model Validation

The model was first compared to the data of Kierboe (1989),
which are for the marine copepod Acartia tonsa grazing the
diatom Thalassiosira weissflogii cultured to give a range of
C:N ratios. This same data set has been used in several pre-
vious stoichiometric modeling studies for the purpose of val-
idating the relationship between consumer growth efficiency
and food quality (Anderson and Hessen 1995; Kuijper et al.
2004; Acheampong et al. 2014) and was selected for the model-
data intercomparison presented here for two reasons. First,
new and improved data sets of this kind have not been forth-
coming despite more than 25 years having elapsed since Kigr-

a 0.5 -

0.4 1
e

0.3 1

GGE C

0.2 |

0.1 1

0.0 T ; \ T ‘ .
10 15 20 25 30 35

food C:N

fate of C

food C:N
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boe’s measurements. Second, using the Kierboe (1989) data
permits us to directly compare with Anderson and Hessen
(1995) and demonstrate the superiority of our current model.

Model predictions for carbon gross growth efficiency
(GGE; growth/intake) as a function of food quality, with pa-
rameters as in table 2, are compared with corresponding data
(Kigrboe 1989) in figure 3a. Excellent agreement is seen be-
tween model and data, with a predicted TER of 7.12 mol C
mol N7' (fig. 3a). Carbon limits growth when food C:N is
less than the TER, with GGE equal to B¢k Predicted growth
efficiency declines for food C:N > TER as limitation by N
becomes progressively more severe, with respiration increas-
ing markedly as excess C is released as CO, in order to main-
tain homeostasis (fig. 3¢).

The data for nitrogen GGE appear to show a more or less
constant relationship with increasing food C: N at ~0.4 (fig. 3b).
In marked contrast, the model shows a maximum GGE for
N of 0.53 at the TER, with GGE declining for lower C:N
because dietary N is in stoichiometric excess, as well as for

b 0.6

0.0 T ; w T . .
10 15 20 25 30 35

food C:N

10 15 20 25 30
food C:N

Figure 3: Model predictions for gross growth efficiency (GGE) for carbon (C; a) and GGE for nitrogen (N; b), with food C: N between 6 and 36.
Data are from the experiments of Kiorboe (1989), which were carried out at 17°C. Predicted fate of C (c) and N (d): growth (G; green), biomass
turnover (7; purple), respiration/excretion excluding 7 (R/E; pink), and fecal pellets (W; brown). Intake I = 1.3 mol C mol C* day, with no

temperature dependence and parameters otherwise as in table 2.
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higher food C: N as the costs of N in metabolism (parameter
7) become a proportionally greater fraction of intake (fig. 30,
3d). This pattern leads to a visibly obvious mismatch with the
data for food C:N > 25, as the predicted GGE for N con-
tinues to decline toward zero. There are two reasons why the
model should not be dismissed as unsatisfactory, despite this
mismatch with data. First, it is hard to provide a theoretical
explanation as to how constant GGE, as shown by the data,
could be conserved with increasing food C:N because an-
imals become starved of N and growth (taken to include
egg production) declines, as does the GGE for N (fig. 3d). Ni-
trogen starvation could be partially offset by increasing ab-
sorption efficiency for N under nutrient-deplete conditions
(Darchambeau et al. 2005; Mitra and Flynn 2005), although
not to the extent that high and constant GGE could be main-
tained. Second, we suggest that the model data mismatch is
due to methodological errors associated with the estimation
of GGE N based on egg production (as undertaken by Kigr-
boe 1989) for copepods exposed to food severely depleted in
N (high C:N). Animals exploit maternal biomass as an al-
ternate source of N for egg production in this situation, for
example, as shown for the copepod Calanus finmarchicus
(Mayor et al. 2009). There is no new growth as such—that
is, no conversion of food to biomass—and so GGE (calculated
from egg production/intake) is overestimated (Hirst and Mc-
Kinnon 2001).

It should be noted that model predictions for GGE N pre-
sented herein are a major improvement on those of Anderson
and Hessen (1995), which grossly overestimated GGE be-
cause their model did not include the costs of N in mainte-
nance. Note also that the model parameter values were all se-
lected from the literature. We investigated parameter tuning
as a possible means of improving the fit shown in figure 3b
but were unable to achieve much improvement because the
biphasic relationship between GGE N and food C:N, with
inflection at the TER, is a fundamental property generated
by the model. We therefore chose to adhere to our literature-
justified parameter values, noting that marginal alterations in
the degree of misfit between model and data have no bearing
on our findings or conclusions.

The second part of the validation exercise demonstrates the
ability of the model to reproduce the observed trends of in-
creasing intake (Durbin and Durbin 1992; Almeda et al. 2010;
Yang et al. 2016) and growth (Gresens 1997; Campbell et al.
2001; Sogard and Olla 2001; Kendrick and Bernard 2013;
Hayes et al. 2015; Yang et al. 2016) with increasing tempera-
ture, using a Q,, for intake (parameter I,,,,) of 2. Model results
were compared with experimental data for the benthic ciliate
Condylostoma spatiosum feeding on the dinoflagellate Oxyr-
rhis marina (Li et al. 2011; fig. 4). Multidimensional data sets
of this kind are scarce, and we are unaware of any corre-
sponding data for metazoans. These particular data were cho-
sen because they provide simultaneous information on inges-

tion and growth as influenced by both food availability and
temperature. Despite the fact that no attempt was made to
reparameterize the model for this new scenario, excellent
qualitative agreement was seen between model predictions
and the data. Growth was observed to increase with increas-
ing temperature in both the data and model predictions
(fig. 4). This increase in predicted growth is enabled by the ex-
tra intake associated with elevated temperature, which more
than compensates for the additional losses in metabolism.

A point of interest regarding the above analysis is to exam-
ine the sensitivity of predicted growth rate to the Q,, for in-
take (parameter Q,c) maintaining a fixed value for the Q,, for
metabolism of 2.0 (fig. 5). Results show that the predicted Q,,
scaling for growth is equal to 2 when both metabolism and
intake also have a Q,, of 2, with all three processes respond-
ing to temperature in tandem. Metabolism dominates over in-
take when Q¢ < 2, leading to a diminished response of growth
to increasing temperature. Indeed, the net effects of temper-
ature and metabolism exactly cancel each other, giving zero
net change in predicted growth (for a 10°C increase in tem-
perature), when Q,c = 1.56 for I = 0.5 day ' and when
Qic = 1.28 for I = 1.0 day . Our choice of Qc = 2.0 is
justified on the basis of observed estimates of the tempera-
ture response of intake (Kigrboe et al. 1982; Durbin and Dur-
bin 1992; Julian et al. 2001; Almeda et al. 2010), as well as the
fact that the growth of invertebrates is often seen to have a
Q. of between 2 and 3 (Gresens 1997; Li et al. 2011; Yang
et al. 2016).

Testing the Hypothesis: Temperature, Metabolism,
and Food C:N Requirement

The validation exercises presented above showed that it is
important to consider the effect of temperature on both me-
tabolism and intake when studying how the nutrition of
consumers will respond to warming climate. The effect of
metabolism is analyzed in this section, with no influence
of temperature on intake, and then the combined effect of
temperature on metabolism and intake is examined in the
next section.

Given that metabolism has a high C:N ratio relative to
growth (6 = 10.2; 05 = 6.6), it is straightforward to hy-
pothesize that increasing metabolic costs associated with el-
evated temperature will mean that invertebrate consumers
require increasingly C-rich (high C:N) food in a warming
world. TER increases at elevated temperature, while C GGE
declines, due to the increasing costs of C in metabolism
(fig. 6). These effects are greatest at low intake because me-
tabolism then dominates the overall C budget. Results thus
indicate that the C:N of optimal diet, which is equal to the
TER, does indeed increase with increasing temperature. This
increase is, however, generally rather small except at low
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Figure 4: Model predictions as a function of temperature and food availability: ingestion (a), gross growth efficiency (GGE) of carbon (C; b),
and growth (¢). Predictions for ingestion and growth are compared with experimental results for the benthic ciliate Condylostoma spatiosum
feeding on a heterotrophic dinoflagellate (d and e are redrawn from Li et al. 2011, © Inter-Research, used with permission).
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Figure 5: Model sensitivity analysis for the influence of the temper-
ature quotient (Q,,) of intake (parameter Q,c) on predicted growth as
affected by temperature. Growth rate is 0.2 day " at 17°C (I = 0.67
day ™', 0; = 7.73 = threshold elemental ratio).

intake; for example, it increases from 7.5 at 17°C to 8.0 at 22°C,
for an intake of 0.8 day™".

In reality, animals are commonly exposed to nonoptimal
diets in terms of C: N ratio, with one element limiting growth
and the other in stoichiometric excess. How will dietary C: N
imbalance influence the C: N requirements of invertebrates
in a warming world? In order to answer this question, con-
sider three consumers: (a) one eating an optimal diet (food
C:N, 6; = TER), (b) one eating a low C:N diet (0; < TER
leading to C limitation of growth), and (c) one eating a high
C:N diet (6; > TER, with growth limited by N). Each con-
sumes a ration (Ic) that gives rise to a growth rate, G, of 0.2
day ', for a reference temperature of 17°C. If the three con-
sumers each experience an increase in temperature to 22°C,
and they continue eating the same diet (both quality and

O 10.0 A a

TER

temperature (°C)

17 19 21 23 25 27

quantity), the resulting growth and metabolism, illustrating
the stoichiometric fate of C and N, is shown in figure 7.

Consumer a has an optimal diet at 17°C (6; = 7.73 =
TER), meaning that the C and N requirements for growth
and metabolism are catered for exactly, with neither element
in stoichiometric excess. The costs of metabolism increase
when temperature is elevated to 22°C, and so predicted
growth decreases from 0.2 to 0.14 day™'. The relative re-
quirement for C increases by more than that for N at the
higher temperature (TER increases) because of the high C:N
of metabolism (6, = 10.2). Thus, if consumer a continues
eating the same diet (0; = 7.73), C becomes limiting for
growth and a small excess of dietary N occurs. This con-
sumer should therefore favor a higher C:N diet at the ele-
vated temperature, in support of the hypothesis.

Consumer b, meanwhile, has access to food with a C:N
ratio of 5.0, which, being less than the TER of 7.73, means
that growth is limited by C. The C ration required to achieve
G = 0.2 day ™! is the same as that of consumer a, namely,
I = 0.67 day™' at 17°C. Dietary N is, however, in excess.
The extra C and N required for metabolism at the higher
temperature are equivalent to those experienced by con-
sumer a, and predicted growth rate is likewise 0.14 day .
The stoichiometric excess of N is exacerbated at 22°C, and
consumer b should continue to prefer a high C: N diet, again
supporting the hypothesis.

In contrast to the first two consumers, consumer ¢ experi-
ences a high C: N diet of 12 (§; > TER), leading to limitation
of growth by N. It has to consume a greater ration (I =
1.03 day ') in order to provide enough N to achieve G =
0.2 day™' at 17°C, and so C is in stoichiometric excess. As
with the first two consumers, metabolism increases at 22°C.
The resulting decrease in growth is, however, less, G = 0.16
day ™', because consumer ¢ continues to be limited by N at

051 b

temperature (°C)

Figure 6: Effect of temperature on threshold elemental ratio (TER; a) and carbon gross growth efficiency (GGE; b) for three intake rates,

I = 0.4, 0.8, and 1.2 day".
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Figure 7: Comparison of utilization of food by three consumers ingesting food of different carbon to nitrogen (C: N) ratios (7.73 = threshold
elemental ratio at 17°C; 5 = C limited; 12 = N limited) and at two temperatures (17°C, 22°C). Intake (I;) is set to achieve a growth rate of
0.2 day ' at 17°C and kept at the same level at 22°C. Excess C and N due to stoichiometric imbalance are shown. The N scale has been extended
in proportion to the zooplankton C:N ratio, 5.5, to facilitate the comparison. Growth rates are presented below the bars.

the higher temperature and the increasing costs of metab-
olism are lower for N relative to C. Most significantly, con-
sumer ¢ can meet the increasing costs of C in metabolism
at the higher temperature from the stoichiometric excess of
this element. It remains limited by N, and therefore, counter
to the hypothesis, should not favor C-rich diets with warm-
ing; rather, it will continue to prefer N-rich food. Note, how-
ever, that there is a special case, namely, that of an animal
that is marginally N limited; that is, consuming a diet is only
slightly suboptimal in terms of food quality, which switches to
limitation by C at elevated temperature because of the in-
creasing costs of C relative to N in metabolism. The model
indicates that this scenario will occur only when food C: N ra-
tio is close to the TER because the relative demand for C in-
creases only slowly with increasing temperature. In the case
of consumer a, for example, the TER increases from 7.73 at
17°C to 8.34 at 22°C for an intake, I, of 0.67 day™".

Testing the Hypothesis: Taking Account
of Food Quantity (Intake)

We now repeat the analysis of the last section, but including
the effects of temperature on both metabolism and intake
(using a Q,, of 2 in each case). The predicted effects of tem-

perature on TER and C GGE are shown in figure 8 for Q,c =
1 (no effect of temperature on intake) and Q¢ = 1.5,2 (e.g.,
compare the results with those of fig. 6). Remarkably, both
TER and GGE are constant, independent of temperature,
when metabolism and intake scale equally with temperature
(in this case, each has a Q,, of 2). In other words, intake and
metabolism increase with temperature in tandem and, at
least for optimal diet (equal to the TER), the relative demand
for C versus N remains unchanged. This result can be de-
duced directly from the equation for the TER (eq. [6]): pro-
viding ¢ /I remains constant—that is, other basal metabolism
(parameter {) and intake scale equally with temperature—the
TER is also constant.

Finally, we revisit the case of consumers experiencing stoi-
chiometrically imbalanced diets (fig. 9). Consider once again
the case of consumer g, operating at an optimal food C:N
ratio that is equal to the TER (6; = 7.73). Elevated temper-
ature increases the cost of metabolism at 22°C, but this is
compensated for by the extra intake (which increases from
0.67 day~' to 0.94 day~'). The TER remains unchanged, and
the relative allocation of C and N between growth and intake
remains the same at the higher temperature, with no stoi-
chiometric excess of either element. GGE is likewise main-
tained and so, with the extra intake, predicted growth increases
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Figure 8: Effect of temperature on threshold elemental ratio (TER; a) and carbon gross growth efficiency (GGE; b) for Qc = 1 (no effect of

temperature on intake), Q¢ = 1.5, and Q¢ = 2.

from 0.2 at 17°C to 0.28 at 22°C. Moving on to consumers b
and ¢, the relative allocations of C and N between growth,
metabolism, and stoichiometric excess are also maintained
at the higher temperature, as for consumer a. In the case of
consumer ¢, for example, C is divided 37%, 27%, and 36% be-
tween growth, metabolism, and excess C, respectively, and N

is divided 68% and 32% between growth and metabolism, re-
spectively, with no difference between 17°C and 22°C. Growth
increases from 0.2 to 0.28 day ™' in each case. In other words,
the relative dietary requirements for C and N remain un-
changed at the higher temperature. Consumer a should prefer
to keep the same diet because the TER remains unchanged

- C growth

C metabolism

. C excess

. N growth

N metabolism

a)C:IN=7.73

@)

food intake (d'1)

Z

G=020d" 028

. N excess

¢) C:N =12 (N lim)
17°C 22°C

b) C:N =5 (C lim)

17°C

22°C

0.20 0.28

Figure 9: Comparison of utilization of food by three consumers ingesting food of different carbon to nitrogen (C: N) ratios (7.73 = threshold
elemental ratio at 17°C; 5 = C limited; 12 = N limited) and at two temperatures (17°C, 22°C). Intake (I;) is set to achieve a growth rate of
0.2 day ' at 17°C and increases with temperature (Q,c = 2) at 22°C. Layout is as for figure 7.
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between 17°C and 22°C. Consumer b is C limited and so
should prefer a C-rich (energy-rich) diet, although not nec-
essarily increasingly so at the higher temperature. Consumer ¢
remains limited by N and should continue to prefer N-rich
diets, contrary to the hypothesis that consumers will require
increasingly C-rich diets at elevated temperature. Dietary
stoichiometric imbalance is thereby preserved from one tem-
perature to another.

Discussion

We examined the consequences of increasing temperature
for invertebrate nutrition using a new stoichiometric model
that has C and N as currencies, includes costs associated with
each element in metabolism, treats the synthesis of new and
replacement biomass (i.e., replacing that lost in turnover) as
one and the same biochemical process, and that applies tem-
perature dependence to metabolism and intake. Specifically,
we tested the hypothesis that invertebrate consumers will re-
quire increasingly C-rich diets in a warming environment.
The hypothesis was shown to be supported for the simplistic
case in which an animal consuming an optimal diet (ex-
pressed as C: N ratio, optimal being equal to the TER, mean-
ing that neither C nor N is in excess) and where temperature
affects metabolism but not intake. This consumer experi-
ences an increasing requirement for C relative to N with in-
creasing temperature due to the C-rich costs of metabolism
and should therefore favor increasingly C-rich diets. This sce-
nario is, however, unrealistic for two reasons, namely, that
consumer diet is often nonoptimal in the first place and that
temperature affects not only metabolism but intake also.
When these factors are taken into consideration, the results
of our modeling study indicate an entirely different conclu-
sion: the nutritional requirements of invertebrate consumers
may change little, if at all, at elevated temperature. The intu-
itively appealing hypothesis that consumers should require
food increasingly rich in C (energy) in a warming world is
thereby unsupported.

The growth of invertebrates, including zooplankton and
insects, may commonly be limited by nutrient elements (Hes-
sen 1992; DeMott et al. 2001; Frost and Elser 2002; Huberty
and Denno 2006), and animals are often observed to select
for nutrient-rich diets (Mattson 1980; Cowles et al. 1988;
Minkenberg and Ottenheim 1990; White 1993; Meunier et al.
2016). The resulting excess of C has important physiological,
ecological, and evolutionary consequences for animal fitness
(Hessen and Anderson 2008) and broader implications for
the biogeochemistry of ecosystems (Hessen et al. 2004; An-
derson et al. 2013). With regard to the hypothesis, our model
demonstrates that an N-limited consumer will not experi-
ence an increasing demand for dietary C with increasing tem-
perature because the increased costs of C in metabolism can
be met from the stoichiometric excess. This intuitive result
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has been overlooked in previous stoichiometric studies ex-
amining the effect of temperature on consumer nutrition. An-
imals limited by N will therefore remain limited and should
continue to prefer N-rich diets at elevated temperatures, all
the more so because metabolism involves not only C but nu-
trient elements as well. Indeed, the demand for N increases
with increasing temperature, for example, due to losses of
N in protein turnover (Hachiya et al. 2007; Mayor et al.
2011; Ikeda 2014). There is one special case regarding this
prediction, namely, that an N-limited animal could switch
to being limited by C at elevated temperature. In fact, how-
ever, our analysis indicates that this would occur only if
the animal was feeding on a diet close to the optimum food
C:N ratio because the TER increases rather slowly with in-
creasing temperature; for example, it increases from 7.5 at
17°C to 8.0 at 22°C, for an intake of 0.8 day™' (fig. 6).

The analysis described above assumes that intake is fixed
and unaffected by temperature, in which case, predicted
growth efficiency and growth itself decrease with increasing
temperature because of the increasing costs of metabolism.
Growth is, however, inextricably linked to metabolism (West
et al. 2001; Zuo et al. 2010) and should therefore increase
with temperature, providing sufficient food is consumed to
provide the necessary substrates. The results of observation
and experiment do indeed show that growth rate increases
with increasing temperature in a range of consumers includ-
ing insects, zooplankton, and fish (Gresens 1997; Campbell
et al. 2001; Sogard and Olla 2001; Kendrick and Bernard
2013; Hayes et al. 2015; Yang et al. 2016) and that poikilo-
thermic invertebrates increase food intake when exposed to
elevated temperatures (Durbin and Durbin 1992; Almeda
etal.2010; Lietal. 2011; Yang et al. 2016), providing a means
to offset the increased demands of metabolism (O’Connor
et al. 2011). Foraging and feeding activities increase at ele-
vated temperature in a wide range of animals (Greenwald
1974; Gill and Crisp 1985; Van Damme et al. 1991; Herrel
and Bonneaud 2012; Moison et al. 2012) as a consequence
of faster-acting skeletomuscular, nervous, and respiratory sys-
tems (Marsh and Bennett 1985; Van Damme et al. 1991).

The analysis was therefore extended to examine the simul-
taneous effects of temperature on metabolism and intake, us-
ing a Q,, of 2 for each process. The outcome was striking:
model predictions showed that there is no net effect of in-
creasing temperature on the relative nutritional requirement
for C and N because the increased costs of metabolism are
counterbalanced by the increased C and N obtained via in-
take. If both metabolism and intake are temperature depen-
dent, with the same Q,,, then metabolism as a fraction of
total intake, and thereby the relative allocations of C and N
to metabolism versus growth, and the optimal food C:N ra-
tio (the TER) all remain unchanged. Furthermore, the same
situation holds for animals experiencing stoichiometrically
imbalanced diets. The relative allocation of intake between
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growth, metabolism, and excess C or N remains unchanged
when the effects of temperature on metabolism and intake
counterbalance each other, whether or not the diet matches
the TER. The extent to which a consumer is limited by C or N
therefore remains unaltered with increasing temperature. An
N-limited consumer, for example, remains limited by N and
will continue to favor N-rich diets in a warming climate. The
hypothesis that consumers require increasingly C-rich diets
in a warming environment is therefore unsupported.

The Q, for intake (parameter Qc) need not necessarily
match that of metabolism in reality (both were set to 2 in
our analysis). Although a few studies have shown a low value
for intake relative to the Q,, for metabolism (Kingsolver and
Woods 1997; Rall et all. 2010; Lemoine and Burkepile 2012),
there are equally studies that exhibit Q¢ values > 2 (Kior-
boe et al. 1982; Hansen et al. 1997 and references therein).
Our choice of Q¢ = 2 is justified not only as a representa-
tive average of values seen in the literature (including studies
that show Q¢ in the region of 2; Kiorboe et al. 1982; Durbin
and Durbin 1992; Julian et al. 2001; Almeda et al. 2010), but
also because, as our analysis showed, Q¢ of at least 2 is needed
in order to predict observed Q,, scaling for growth of be-
tween 2 and 3 (Gresens 1997; Li et al. 2011; Yang et al. 2016).

There are two stoichiometric caveats to our work. First, it
should be noted that our analysis deals explicitly with growth
rate responses that exclude the sequestration of C-rich energy
reserves, for example, lipid storage by zooplankton (Lee et al.
2006; Aubert et al. 2013), which are required to sustain widely
adopted invertebrate life-history strategies such as diapause.
Second, many consumers, particularly those in freshwater sys-
tems, are limited by phosphorus (P) rather than N (Sterner
and Elser 2002). The biochemical pathways and cycling of
N and P by organisms are somewhat different; for example,
N is associated primarily with protein synthesis, while P is in-
volved in nucleic acids and energy transfer via ATP (Elser
2006). Our conclusions pertaining to nutrient limitation based
on N, as affected by temperature, should therefore only be
generalized to include other nutrient elements, notably P,
with due care.

Our work has highlighted the complex nature of the effect
of temperature on organisms, emphasizing the need for fur-
ther experimental studies and improved data sets that simul-
taneously address food quality, quantity, and the effects of
temperature on metabolism and intake. Better physiological
understanding is needed of how temperature affects metab-
olism and growth, as well as intake, in organisms. Metabo-
lism, for example, comprises the turnover of a range of macro-
molecules including proteins, lipids, and so on, each of which
may be impacted differently by temperature. The use of Q,,
as a scaling metric also merits attention. Many animals are
adapted to survive within a thermal window (Portner and
Farrell 2008; Mayor et al. 2015), exhibiting temperature op-
tima at which their enzyme systems operate most efficiently.

The relationship between temperature and growth efficiency
or growth is then parabolic (Iguchi and Ikeda 1995; Mc-
Carthy et al. 1998; Heilmayer et al. 2004; Handeland et al.
2008; Niehaus et al. 2012). Likewise, the maximum rate of in-
gestion may also be subject to a temperature optimum
(Garrido et al. 2013). A further consideration is that animals
experience variations in temperature on a range of spatio-
temporal scales, often quite short (Pincebourde and Woods
2012). Vertically migrating zooplankton, for example, may
experience large fluctuations in temperature and food quality
over short time intervals (Sterner and Schwalbach 2001). In-
tegrating physiology and associated stoichiometry in such
instances poses a significant challenge and must take into
account the ability of organisms to acclimate to warming or
how they may adapt in the face of long-term change to envi-
ronmental temperatures and the quantity and quality of their
food.

Elevated C: N ratios are seen in both plant leaves and algae
as a consequence of changing climate, due to both increased
warming (An et al. 2005; Sardans et al. 2008; Makino et al.
2011; Sardans and Penuelas 2013) and elevated CO, levels
(Gifford et al. 2000; Urabe and Waki 2009; Sardans et al.
2012). Increasing stratification of the ocean also promotes a
greater C:N ratio in phytoplankton (Diez et al. 2013; Clarke
etal. 2014; Eberlein et al. 2016) via a diminished supply of nu-
trients to surface waters (Bopp et al. 2001; Steinacher et al.
2010). Our analysis demonstrates that, although the meta-
bolic demand for C increases at elevated temperature, this will
not necessarily translate into an increase in the dietary re-
quirement for this element relative to N. Higher C:N ratios
in autotroph biomass are, therefore, unlikely to be of benefit
for invertebrate consumers. Indeed, in the case of consumers
limited by N, higher ratios will exacerbate the stoichiometric
mismatch of plant-herbivore interactions, with important
consequences for food web dynamics and the cycling and stor-
age of C and N in ecosystems (Hessen et al. 2004; Anderson
et al. 2013).
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Calanus finmarchicus, one of the most common animals (copepods) found in the North Atlantic and northern North Sea. These tiny
creatures (~2 mm) provide a crucial link in the food chain between microscopic algae and fish. Photo: Daniel J. Mayor.
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