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1 | INTRODUCTION & Raubenheimer, 2012). This view has been evidenced across de-

cades of research (Slansky, 1982), from host-parasite interactions
Nutrients, represented as elemental (e.g., carbon and nitrogen) (Sequeira & Mackauer, 1992; Slansky, 1986) to trophic cascades
or biochemical (e.g., protein and carbohydrate, lipid) macronutri- through entire ecosystems (Persson, 1999) and, most notably,

ents (Kaspari, 2020) and micronutrients (e.g., iodine, copper and trophic interactions (Belovsky, 1984; Mayntz et al., 2005; Scriber

zinc; Kaspari, 2021), underpin many biological processes (Simpson & Slansky, 1981). The study of trophic interactions in nutritional
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contexts has underpinned ongoing development of existing funda-
mental ecological theories such as optimal foraging theory (Jensen
et al.,, 2012; Raubenheimer & Simpson, 2018; Schoener, 1987;
Stephens & Krebs, 1986). To identify the mechanisms driving ecosys-
tem function, the flow of nutrients through complex systems must
be examined (Loreau & Holt, 2004) from individual and population
to community and superorganismal scales (Lihoreau et al., 2014). To
date, however, system-level research has focussed on coarse chemi-
cal balances, usually in the context of ecological stoichiometry (Liu &
Sun, 2013; Sterner & Elser, 2008), largely neglecting how nutrients
structure food webs. Despite nutrients appearing to have a signifi-
cant role in driving ecological interactions (Hutchinson et al., 2019;
Kohl et al., 2015; Mayntz et al., 2005), they are scarcely integrated
into ecological network analyses. Network analyses can be used to
investigate the identity and structure of ecological interactions, and
their contribution to ecosystem functioning (Montoya et al., 2006)
or robustness—the resilience of a network to disturbance or envi-
ronmental change (Pocock et al., 2012). Network ecology can in-
tegrate different nutritional data to overcome the separation of
elemental and macromolecular approaches between plant and an-
imal nutrition, effectively linking trophic levels.

The few examples of network analyses incorporating nutri-
tional data focus on energy transfer (Gauzens et al., 2019), so-
cial networks (Senior et al., 2016) or human nutrition (Timberlake
et al., 2022). Network-like diagrams have represented elemental nu-
trient transfer, usually in freshwater or soil (De Ruiter et al., 1993;
Sterner et al., 1996), and network-based models have been used
to assess ecosystem function (Cherif & Loreau, 2013; Thébault
& Loreau, 2003) and nutrient cycling (Quévreux et al., 2021). The
methodological complexities of interdisciplinary research have likely
stifled this subfield; however, streamlined nutritional assays (Cuff
et al., 2021) and methods for increased integration of trait data
into networks (EkIof et al., 2013; Junker et al., 2013; Woodward
etal., 2005) now present an opportunity to incorporate nutrition into
ecological networks. Here, we describe the mechanisms by which
nutrients drive interactions, how these structure networks and the
benefits of integrating nutrients into ecological network analyses.
We focus on biochemical macronutrients in trophic interactions, but
the concepts and ideas presented here apply to a broader range of
interaction types and networks, and other currencies such as energy
and elements. Throughout, we contend that integrating nutrients
and networks can identify mechanisms driving ecological interac-

tions and illuminate determinants of network robustness.

2 | HOW NUTRIENTS INFLUENCE
INTERACTIONS

2.1 | Specialist versus generalist foragers and
nutritional deficiencies

Networksformatallscalesofbiological organisation(Guimaraes, 2020)
and nutrients impact different scales through a range of mechanisms

(Figure 1). Individual generalist foragers alter their interactions to re-
dress nutritional deficiencies, termed nutrient-specific foraging (Kohl
et al., 2015; Mayntz et al., 2005), but this is dependent on the avail-
ability of suitable resources. Generalists may therefore consume a
large quantity and range of resources to balance suboptimal nutrition
(Cuff, Tercel, Vaughan, et al., 2022; Pompozzi et al., 2019; Rendon
et al., 2019), increasing their degree (i.e., number of connections),
and overall linkage density and interaction evenness of trophic net-
works (Figure 1). Specialists, however, often do not exhibit or exhibit
less compensatory feeding when nutritionally deficient (Despland &
Noseworthy, 2006; Simpson & Raubenheimer, 2012). Specialists can,
however, forage more efficiently (Pompozzi et al., 2019), including on
resources suboptimal for generalists; this could increase modularity
(the distribution of links within rather than between sets of nodes;
Lau et al., 2017) of networks through niche differentiation (Behmer &
Joern, 2008; Figure 1). The interactions of specialists may also com-
prise a subset of those of their generalist counterparts if they spe-
cialise on nutritionally favourable resources, increasing nestedness
(interactions of individuals forming subsets of wider interactions; Lau
et al., 2017; Figure 1). Nutritionally favourable resources might in-
clude those rich in a nutrient otherwise limited in that system. Such
resources might therefore have a higher degree and centrality (the
relative importance of a node, often based on the number of ‘walks’
that pass through it; Lau et al., 2017). This would also potentially re-
duce the robustness of networks and increase linkage density as con-
sumers forage randomly, seeking that nutrient (Figure 1). Foragers
naive to their systems (i.e., recent immigrants) may similarly forage
randomly as they determine optimal sources of nutrition, initially
increasing their degree (Figure 1). Many of these concepts are dis-
cussed in greater detail below.

2.2 | Nutrients and functional responses

The determination of consumer interaction frequencies by re-
source abundances, linked to functional responses (Holling, 1966),
is affected by resource nutrient contents and preceding consumer
interactions (Schmidt et al., 2012). Functional responses can there-
fore rationalise responses to nutritional conditions; for example, a
‘Type IV’ relationship may indicate overabundance of a particular
nutrient (Bressendorff & Toft, 2011), whereas a ‘Type I’ functional
response could indicate an optimally balanced resource nutrient
profile (Figure 2). This likely extends to other functional response
types, ultimately driving nutrient-specific foraging. Although the
exact responses will depend upon factors including defences, toxins
and ease-of-capture (see Section 5 below), the nutritional context
could underpin a mechanistic link between resource abundance and
trophic interaction strength (Vaughan et al., 2018).

Much of the evidence surrounding functional responses is, how-
ever, based on laboratory studies, which constrain the sources of
variation being assessed (Coblentz et al., 2022) and therefore the
relevance of these data to complex interaction networks. Further
research is therefore required to determine the role of nutrition in
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FIGURE 1 Examples of nutrient-mediated ecological processes and their potential effects on the structure of ecological networks.
Yellow, blue and read denote carbohydrate, lipid and protein, respectively, with link weights representing the amount of that nutrient
exchanged in interactions. Upper nodes represent consumers (purple and green denoting generalists and specialists, respectively) and lower
nodes are resources, with the ratio of their colours representing their proportional content of the three macronutrients. The outcome of any
analyses of such networks will depend on whether interactions are weighted or not. The hypotheses presented within the figure refer to
metrics of traditional networks (i.e., not nutrient-weighted; a preliminary analysis of nutrient-weighted networks is presented below).

driving functional responses in field-based systems and network
contexts. Nevertheless, some hypotheses can still be drawn: (i) nutri-
tionally balanced resources may be linearly exploited by consumers
since they provide all of the nutrients required; (ii) if a resource con-
tains more of a particular nutrient that is critical to the development
or survival of the consumer, it may be disproportionately consumed
until the consumer is saturated with that nutrient; (iii) if a nutrient is
less critical but still important for survival, this may similarly experi-
ence focussed exploitation and saturation, but only once resource
density reaches a point at which adjusted foraging becomes a valid
investment; and (iv) if a resource is rich in toxins or contains a con-
centration of a nutrient that may become toxic with focused feeding
(e.g., carbohydrate in sap-feeding insects), exploitation may increase
until experience of the toxicity or saturation with that nutrient drives
the consumer to seek alternative sources. Importantly, the impact of
different balances of nutrient contents will differ depending on the

consumer, their optimal nutrient intake and the system they are in.

3 | NUTRIENTS INFLUENCE ECOLOGICAL
INTERACTIONS AND NETWORK
STRUCTURE

The influence of nutrient-driven ecological processes on interactions
across trophic levels can manifest in cascades from basal resources

1998; Raubenheimer et al., 2009;
Wilder et al., 2013). The structure of ecological networks may there-

to apex predators (Elser et al.,

fore influence and be influenced by nutrition, particularly driven by
ecological processes such as nutrient-specific foraging and nutrient

limitation, as described above (Figure 1).

3.1 | Nutritional variation over time and space
determines network structure

Patterns of nutritional redundancy and complementarity, and
their implications for network structure will vary between eco-
systems. Deserts, caves and systems with scarce photosynthetic
flora, for example, are likely to be carbohydrate-poor (Peterson
et al., 2016). This could drive consumers to seek carbohydrate-
rich resources disproportionately (Figure 1). Native fauna may,
however, be physiologically adapted to rely less on scarce nu-
trients or efficiently extract them from suboptimal sources. In
a nutritionally balanced system, however, the same consumer
may interact evenly with resources. Importantly, nutritional re-
quirements and contents vary at an intraspecific level with de-
velopment and seasonality (e.g., in relation to reproduction or
diapause; Raubenheimer et al., 2007), leading to individual-level
responses, which may be better represented by individual-level
networks.
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FIGURE 2 How functional responses might reflect different nutrient contents and how this may manifest in network topologies. Example
networks are given in which spiders are consuming nutritionally dissimilar prey.

The dissimilarity of nutritional networks across time and space
may be most pronounced for species translocated to novel environ-
ments, such as invasive species. Unfamiliar nutritional landscapes are
evolutionarily mismatched to a forager's innate nutrient-seeking be-
haviours (Al Shareefi & Cotter,2019; Simpson & Raubenheimer, 2005).
Animals in novel habitats may therefore forage inefficiently, at least
initially, and their proliferation may be predicated on their nutritional
or behavioural plasticity (Shik & Dussutour, 2020). This evolutionary

quires adaptability to forage optimally.

mismatch imposes fitness consequences (Al Shareefi & Cotter, 2019;
Simpson & Raubenheimer, 2005) and an introduced consumer's na-

ivety to native resources, alongside phenological mismatches, re-

The demonstrable success of invasive species in adapting to
novel nutritional landscapes may reflect the prevalence of dietary
generalism in many highly invasive species (Coogan et al., 2018;
Krabbe et al., 2019; Saveanu et al., 2017; Shik & Dussutour, 2020),
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indicating their potential for adaptive foraging and better nutritional
exploitation. This is usually explained by outperformance of native
competitors or a lack of native predators, but it stands to reason
that nutrition may play an important role. Moreover, the impacts of
invasive species may increase with the nutritional complementarity
of the system being invaded since fewer fitness costs will be initially
incurred. This will act as a positive feedback loop that ultimately
leads to increasingly severe effects on native communities (Kaplan
& Eubanks, 2005; Zhang et al., 2012). Invasive species can also alter
the nutritional environment by acting as a novel resource to native or
other non-native consumers, or through mutualisms (e.g., food-for-
protection mutualisms between honeydew-producing hemipterans
and ants; Helms & Vinson, 2002; Wilder et al., 2011). This invasive
nutritional niche hypothesis could be assessed just as climatic niches
have been for invasive species (Broennimann et al., 2007), although
integration of these interactions into nutritional networks could
highlight how nutrients structure the interactions of invasives, and
how nutrients drive these relationships.

Nutrients can similarly explain long-distance foraging, and mi-
gration choices and behaviours (Shaw, 2016), which ultimately
underpin how regional species pools translate to local ecological
networks. Variation in the nutritional content of bamboo, for ex-
ample, can drive seasonal migration of pandas (Nie et al., 2015).
The extension of the nutritional naivety concept to the migration
of birds, butterflies, whales and other migrants further broadens its
relevance across ecological contexts. These populations can show
high fidelity towards migration sites despite passing unfamiliar but
suitable sites en route, thought to confer the advantage of consis-
tent foraging (Greenberg, 1984; Shimada et al., 2020). This aversion
to unfamiliar sites aligns with the notion that foragers (with the ex-
ceptions of extreme generalists, and physiologically or behaviourally
plastic taxa) benefit from prior experience of resources in order to
optimise nutrient acquisition. Other than adaptation and generalism,
migrants can succeed by sheer abundance based on the likelihood
that some individuals forage optimally by chance. Ballooning spiders
may subscribe to this since they can travel hundreds of kilometres
before arriving stochastically in nutritionally novel environments
(Bell et al., 2005; Greenstone, 1990; Weyman, 1993). Migrants can
also act as nutritional reservoirs between spatially distinct, local net-
works (Bauer & Hoye, 2014; Gresh et al., 2000; Schmitz et al., 2010)
and may provide consistent or seasonal nutritional subsidies to local
consumers (Ando et al., 2013; Tercel et al., 2022), altering the nutri-
tional landscape and, ultimately, nutritional networks. The import of
locally scarce nutrients by migrants could have particularly profound
effects on the foraging decisions of local species, resulting in rapid

rewiring.
3.2 | Nutrients rationalise network assembly,
rewiring and robustness

The nutrients most important in structuring networks will vary based
on the resources available and the requirements of consumers. Lipid

Journal of Animal Ecology E EEH%TEEJ"“

limitation in higher trophic levels, for example, may predispose con-
sumers to seek lipid-rich resources disproportionately, whereas
many herbivores and omnivores tend towards protein-rich re-
sources (Al Shareefi & Cotter, 2019; Margalida, 2008; Raubenheimer
et al., 2009; Wilder et al., 2013). Animal bodies are typically protein-
rich and carbohydrate-poor (Cuff et al., 2021). Whilst some consum-
ers tolerate carbohydrate-rich diets (Hawley et al., 2016; Wiggins
& Wilder, 2022; Wilder et al., 2011), non-structural carbohydrate-
rich diets can be detrimental or toxic to other species (Alcantar-
Fernandez et al., 2019; Hewson-Hughes et al., 2011; Schlotterer
et al., 2009). This suggests that nutritional surplus, not just limita-
tion, could structure networks. Even protein-rich diets can reduce
fitness (Anderson et al., 2020), and Bertrand's rule would suggest
that this is upheld for most chemicals (Raubenheimer et al., 2005).
Similar patterns have been observed in the responses of organisms
to elemental content of food (e.g., knife-edge responses; Meunier
etal., 2023).

Integrating nutrition into ecological networks will identify
sources of nutrients for consumers, in turn determining secondary
extinction risk by assessing the nutritional redundancy of its avail-
able resources (i.e., availability of alternative sources of nutrients).
This could facilitate assessments of resource availability for species
of conservation concern or the likelihood of biocontrol of pests by
assessing the nutritional complementarity of available resources.
These dynamic effects are essentially network rewiring (i.e., in-
teraction switching) and robustness, in which primary extinctions
drive the formation of new interactions and/or a series of cascading
secondary extinctions (Kaiser-Bunbury et al., 2010). Nutrition ulti-
mately determines the resilience of consumers to change (Ponton
et al., 2020) and will therefore regulate network assembly and struc-
ture, determine network robustness and drive responses of individ-
uals and networks to dynamic processes.

Resources rich in otherwise scarce nutrients may be more cen-
tral to networks, potentially overlooked by conventional analyses
as simply rare interactions despite their ecological importance. This
nutrient limitation may also rationalise new nodes connecting to
existing nodes with high degrees, as is the case in preferential at-
tachment models of network assembly (Barabasi et al., 1999; Olesen
et al., 2008; see the hypothesis about centrality as a result of nutri-
ent limitation in Figure 1). Such mechanistic rules could be incorpo-
rated into adaptive network models to guide predictions or provide
testable hypotheses in contexts including conservation, resto-
ration, invasion and perturbation (Kaiser-Bunbury et al., 2010; Maia
et al., 2021; Raimundo et al., 2018). Ultimately though, nutritional
diversity and resource nutrition evenness will influence the robust-
ness of networks; for example, if higher trophic levels are lipid-
limited (Wilder et al., 2013), apex predators may be more likely to
succumb to secondary extinction if lipid-rich resources are removed.
Greater nutritional redundancy (i.e., resources having similar nutri-
ent contents) will thus increase network connectance as consumers
exploit more resources for each nutrient. If alternative sources of a
given nutrient are not available when one such resource is removed,

its consumers may fail to meet their nutritional requirements and
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become extinct. Some robustness analyses redistribute interactions
based on variables such as node centrality (i.e., preferential attach-
ment; Olesen et al., 2008), previously known interactions (Kaiser-
Bunbury et al., 2010) or not at all. Consumers are often considered
to persist if they are connected to at least one extant resource, ne-
glecting the nutritional consequences of these interactions. By inte-
grating nutritional data into robustness analyses, it may be possible
to generate more realistic robustness analyses that better account

for population fitness.

4 | NUTRITIONAL NETWORKS IN
PRACTICE

4.1 | Constructing and analysing nutritional
networks

Constructing a nutritional network requires interaction data (i.e., an
edge list or matrix of nodes, representing species or other ecologi-
cal units, interacting with other nodes), nutritional data (i.e., nutri-
ent contents of the nodes or nutritional values transferred between
nodes) and the application of graph theory. For nutritional ecologists,
the application of graph theory will likely be a novel (inexpensive but
possibly time-consuming) addition to their workflow. Adopting net-
work ecology will require some familiarity with network concepts
and terminology. Network ecologists, however, will need nutritional
data (e.g., from biochemical analysis), which will increase experimen-
tal costs and labour. Research at interdisciplinary boundaries such
as this will often require additional labour and expense, but such ap-
proaches also generate novel research directions that address oth-
erwise unanswerable questions. Through collaborative approaches
between researchers across these disciplines, the additional inputs
can be minimised whilst making use of existing expertise in each re-
spective field.

Nutritional networks could be constructed from a few different
perspectives, which will in turn affect how network properties can
be assessed: (i) representing each nutrient in a distinct network layer
with the same interactions weighted differently based on the ex-
change of nutrients in interactions (see next section, Figure 3), (ii)
clustering taxa based on their nutrient contents and representing
these groups as nodes or otherwise integrating nutritional data as
node trait data (akin to the incorporation of trait data into networks
in many cases) and (iii) treating nutrients as nodes and representing
the interaction of consumers with each nutrient. In the case of (ii),
network properties can be assessed based on interactions between
nodes in the same way as traditional approaches to network analy-
sis, where nodes usually represent species; this can shift focus onto
the traits (in this case, nutrients) used to cluster taxa, but care must
be taken not to distort interpretation or emergent properties, espe-
cially across trophic levels (Buchkowski & Lindo, 2021). In (iii), only
information regarding the relative frequency of nutrient transfer
irrespective of ecological context is available, facilitating analyses
focussed on nutrient provision; Timberlake et al. (2022) demonstrate

this approach very effectively. By constructing separate network
layers for each nutrient in method (i), the interaction identities re-
main the same between networks but link weights change, facili-
tating comparison of network properties between nutrients using
weighted metrics, essentially adding a contextual dimension to com-
monplace assessments of network dissimilarity across space and
time (Friind, 2021). This could similarly be incorporated into other
existing frameworks, such as parallel networks, the inclusion of nu-
trients into which has already been proposed (OIff et al., 2009).

The integration of trait data into analyses of trophic interactions
has gained increasing traction over the last decade given its power
in predicting and rationalising interactions (Brose et al., 2019; Green
& Coté, 2014; Spitz et al., 2014). Treating nutrients as quantitative
traits is a viable alternative strategy for the integration of nutritional
data into networks, especially if alongside other trait information.
The nutritional redundancy of different taxa is an important con-
sideration in this depending on the method of integrating trait data;
for example, if node identities are based on trait similarity, nutrition-
ally similar prey that can be ecologically distinct may be confounded
(e.g., ichneumonid wasps and linyphiid spiders are nutritionally
similar despite being behaviourally, taxonomically and ecologically
disparate). Regardless, this integration of nutrients could facilitate
streamlined analysis of the joint impacts of nutrients alongside other
traits (e.g., morphological traits such as gape width or body size, ge-
netic traits, environmental traits), even ignoring ‘Linnean’ taxonomy
in favour of function. Each approach to integrating nutritional data
into networks could be used to answer different questions within
the remit of nutritional and network ecology, but we focus here on
the first example, the representation of nutrition in link weights.

4.2 | An empirical example of a predator-prey
nutritional network

To demonstrate the process and benefits of constructing and ana-
lysing nutritional networks, we provide here an empirical example.
Nutritional data are underrepresented in ecological networks, but
the data set presented by Cuff, Tercel, Vaughan, et al. (2022) is suf-
ficient to explore nutritional network construction and analysis
preliminarily. These interaction data have been used to explore the
density dependence of foraging (Cuff, Tercel, Drake, et al., 2022), the
impact of weather on trophic networks (Cuff, Windsor, et al., 2023),
the impact of prey availability data sources on null network analy-
ses (Cuff et al., 2024) and, most relevantly, the relationship between
foraging and nutrition (Cuff, Tercel, Vaughan, et al., 2022). This lat-
ter study, the only one using these interaction data to integrate
nutritional data, aimed to investigate the nutritional dynamics of
field-collected spiders using molecular dietary analysis, micro-scale
macronutrient analysis and network-based null models. This study
did not, however, conduct any network-level analyses nor did it at-
tempt to integrate nutritional data into networks. Binary interac-
tion data were generated via dietary metabarcoding (Cuff, Tercel,
Drake, et al., 2022), and nutritional data were determined via the
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FIGURE 3 By assessing network structure with interactions weighted based on the transfer of each individual nutrient, it is possible to
visualise how nutrients transfer through ecological networks, the importance of each nutrient for different consumers and how rich the
resources exploited by each consumer are in each nutrient. This network represents the exchange of three macronutrients (yellow, blue and
red representing carbohydrate, lipid and protein, respectively) between spiders (top level; each a different genus, their mean macronutrient
intakes represented by the pie chart proportions of each colour) and their prey (bottom level; their mean macronutrient content represented
by the pie chart proportions of each colour). Link weights represent nutrient transfer (proportional nutrient content multiplied by observed
interactions). Four network properties are compared between macronutrients and between observed and null networks in the lower

panel: weighted nestedness (a measure of the extent to which interactions of individuals form subsets of wider interactions), quantitative
modularity (the extent to which links are distributed within rather than between sets of nodes), H'2 (the degree of specialisation or
partitioning of interactions) and linkage density (the average number of links per node). Points represent observed network metrics, and
lines represent standard deviation of null network metrics. Point sizes represent the standardised Z-score value. By constructing weighted
networks based on the proportional nutrient contents and frequencies of interactions for each nutrient separately, network properties can
be compared between nutrients and with null networks. The properties of the networks constructed using data from each of the three
macronutrients quantified varied in their values and deviation from null networks, indicating how each nutrient may structure interactions
differently, or how network structure influences nutrient acquisition.

MEDI protocol (Cuff et al., 2021). These data were integrated into
a bipartite network of predator-prey interactions between spiders
and their prey. The methods used to generate these data are given
in full by Cuff, Tercel, Vaughan, et al. (2022) and described briefly
in the Supporting Information. By bringing these data together, it is
possible to investigate how nutrients affected interactions between
spiders and their prey.

We incorporated these interaction and nutritional data into
three overlapping networks, conceptually similar to a multilayer net-
work (Hutchinson et al., 2019; Pilosof et al., 2017), by representing
the transfer of each nutrient between resource and consumer as in-
teraction weights (Figure 3; Supporting Information). In this way, it is
possible to compare weighted network properties across the three
networks to ascertain how nutrients may distinctly contribute to or
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be affected by the structure of interactions. This could be expanded
into a true multilayer network, but it would require careful consider-
ation of the meaning of interlayer links (although some clear options
prevail; e.g., ratios of nutrients). The link identities are consistent
across the three networks, but the link weights differ depending on
the transfer of the different nutrients, facilitating comparison of net-
work properties via weighted metrics (Figure 3).

The nutritional network was subsequently compared with null
networks. The type of null model used in such comparisons is crucial
for determining the parameters being assessed and their constraints
(Cantor et al., 2017; Cuff et al., 2024; Gotelli & Graves, 1996). Here,
we used a null model that randomly switched nutrient contents be-
tween prey (across 1000 iterations). These nutrient contents were
used to generate new link weights (nutrient contents multiplied by
the number of interactions with each spider genus based on the ob-
served data). Network-level metrics were generated for these null
networks to represent the nutritional network metrics if resource
nutrient contents were random. We focussed on weighted nested-
ness, modularity, specialisation (H'2; Blithgen et al., 2006) and link-
age density based on the hypotheses presented above (Figure 1).
By comparing the observed network metrics for each nutrient with
these null nutritional networks (via Z-score standardisation), it is
possible to test hypotheses related to nutrients as a driver of net-
work structure explicitly.

In this example, several of the nutrition-related network prop-
erties hypothesised above can arguably be observed (Figure 1). The
carbohydrate network had lower nestedness (observed=0.467,
expected=0.486+0.018 SD, standardised Z-score=-1.014), link-
age density (obs=5.563, exp=6.334+0.664, Z=-1.160) speciali-
sation (obs=0.172, exp=0.194+0.018, Z=-1.226) and modularity
(obs=0.152,exp=0.192+0.019, Z=-2.047) than expected. The lipid
network had higher nestedness (obs=0.517, exp=0.485+0.016,
7=2.023), modularity (obs=0.204, exp=0.190+0.016,
Z=0.859) and specialisation (obs=0.207, exp=0.193+0.016,
Z=0.848) than expected, but lower linkage density (obs=6.245,
exp=6.368+0.528, Z=-0.234). The protein network had higher
linkage density (obs=6.868, exp=6.660+0.267, Z=0.780), modu-
larity (obs=0.194, exp=0.192+0.007, Z=0.301) and specialisation
(obs=0.197, exp=0.196 +0.007, Z=0.125) than expected, but lower
nestedness (obs=0.485, exp=0.497 +0.009, Z=-1.457).

The relatively low linkage density for carbohydrate, when con-
sidered alongside the low modularity and specialisation, indicates
generalist foraging for the few prey rich in carbohydrate, and un-
even feeding on those few carbohydrate-rich resources. That link-
age density was not so low for the protein nor lipid networks is
indicative of the higher concentrations of protein and lipid across
the network. Whilst binary networks or those weighted solely based
on interaction frequency might show a higher-than-expected linkage
density for nutrient-limited networks (Figure 1), these nutritional
networks will show a lower linkage density for the most limited
nutrient (because less of it is exploited in the network, resulting in
smaller link weights), together allowing the identification of nutrient
limitation and the nutrient that is limited. The most limited nutrient

is not, however, necessarily the most sought-after by the consum-
ers. Despite some consumers tolerating carbohydrate-rich diets
(Hawley et al., 2016; Wiggins & Wilder, 2022; Wilder et al., 2011),
non-structural carbohydrate-rich diets can be detrimental or toxic
(Alcantar-Fernandez et al., 2019; Hewson-Hughes et al., 2011,
Schlotterer et al., 2009). Lipids are, however, known to be import-
ant and more limited in higher trophic levels of arthropod networks
(Wilder et al., 2013).

The higher-than-expected nestedness in the lipid network and
the relatively high modularity and specialisation could indicate
that the spiders are obtaining most of their lipid intake from a few
lipid-rich species, the identity of which may differ between spider
groups (as hypothesised for specialism in Figure 1). This nutritional
partitioning would have important consequences for network ro-
bustness. Such insights from nutritional networks could guide the
management of ecosystems for conservation, biocontrol and vari-
ous other contexts. Importantly, networks replicated in space and/
or time would allow quantitative comparison of observed networks
that might elucidate other nutrient-driven processes. In any case,
nutritional network properties such as these can provide ecological
context to complex nutritional systems and can be used to test vari-
ous system-level questions regarding the structuring of interactions
by nutrients.

5 | CONSIDERATIONS FOR NUTRITIONAL
NETWORKS AND THEIR LIMITATIONS

5.1 | Auxiliary hypotheses underpinning nutritional
networks

Whilst nutrients may be an important driver of interactions, they are
not an outright determinant of them. Nutrients are likely to provide
a great deal of predictive or explanatory power for network analy-
sis (Hutchinson et al., 2019), and some networks can arguably be
rationalised by relatively few variables (EkI6f et al., 2013). No single
dimension is likely to explain entirely the structure of an ecological
network though. Other drivers and constraints of foraging should be
considered alongside nutrition, especially considering that the nu-
trient dependence of interactions could be overridden by predator
hunger state (Lang & Gsédl, 2001), gape limitation (Arim et al., 2010),
biomechanics (Cuff, Labonte, et al., 2023), prey abundance, or prey
traits including dispersal (Pastorok, 1981), camouflage (Skelhorn &
Rowe, 2016), defences (Provost et al., 2006), escape capability (Lang
& Gsddl, 2001; Provost et al., 2006) or size (Bence & Murdoch, 1986;
Downes, 2002; Turesson et al., 2002). Nutritional dynamics can
also be determined by traits such as sex, life stage (Al Shareefi &
Cotter, 2019; Cuff, Tercel, Vaughan, et al., 2022) and phenology
(Raubenheimer et al., 2007), incentivising the parallel integration of
such traits into networks (Poisot et al., 2015). This can be achieved
by considering nutrition in the context of trait matching. By repre-
senting a consumer's nutritional needs and a resource's nutrient con-

tent, nutritional trait matching could present an incredibly valuable
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means for predicting and inferring links in networks. Through this
framework, other traits can also be incorporated, or nutrients can
be integrated into existing networks to enhance predictive power.
In the case of the spider-prey example above, for example, the size
of prey that make contact with webs may determine the ability of
linyphiid spiders to subdue and consume them, whereas spiders with
adhesive webs, such as araneids, might not be constrained by this
trait.

Nutrients can affect trophic interactions at different stages of
the foraging process too, from prey choice, through consumption
of different quantities of different prey, to extraction of specific
nutrients (Kohl et al., 2015; Pekar et al., 2010), which may be chal-
lenging to represent in networks. Wootton et al. (2023) define
eight stages of trophic interactions, each with different relevant
traits: (1) search, (2) prey detection, (3) attack decision, (4) pur-
suit, (5) subjugation, (6) ingestion, (7) digestion and (8) nutrient
allocation. This last step is the most intuitively linked to nutrition
given that it directly links resource nutrient content to fitness, but
nutrients may influence each of the other stages variably across
different consumers. Search may be adjusted to redress nutri-
tional deficiencies, detection may depend on the ability to sense
different nutrients, attack decision will be driven by prey choice,
pursuit may be limited by the consumer's current nutritional state,
and digestion may depend on the presence of endosymbionts able
to metabolise or uptake nutrient sources. Considering this frame-
work and particularly how the interaction data within a study per-
tain to these stages may influence whether to include nutritional
data and the form that these may take. In the empirical example
above, for example, the metabarcoding detections pertain primar-
ily to the latter stages (e.g., ingestion) given that the prey have
already been consumed, but the earlier stages (i.e., search, detec-
tion, decision and pursuit) can only be inferred without further
analysis. Direct observation of interactions, however, may not ac-
count for Stages 6-8. Such context needs careful consideration in
the context of nutritional networks.

There are various indicators of nutritional deficits within con-
sumers that may alter their ecology (Wagner et al., 2013), yet, whilst
there is evidence of resource nutrient content influencing consumer
choices (Cuff, Tercel, Vaughan, et al., 2022; Kohl et al., 2015; Mayntz
et al., 2005; Rendon et al., 2019; Schmidt et al., 2012), this is pred-
icated on the notion that consumers are aware of or able to sense
differences in nutrient contents between different resources. Some
generalists are thought to remain in a suboptimal nutritional state
(Symondson et al., 2002) and may forage randomly to redress nu-
tritional deficiencies, essentially relying on generalism to acquire
randomly the required nutrients and not necessarily requiring the
capacity to sense nutrients. Similarly, specialists can be adapted
to the specific nutrients provided by their resource (Despland &
Noseworthy, 2006; Simpson & Raubenheimer, 2012). Evidence
suggests that some consumers can sense nutrient contents though,
through olfaction (Julliard et al., 2017; Nevo et al., 2019), taste
(Peneaux et al., 2017; Ruedenauer et al., 2015) and possibly other
senses. Through this, many consumers may be able to differentiate
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between the nutrient contents of not only prey taxa or individuals,
but also different tissues within an individual organism. Nutritional
variation between tissues can be pronounced in animals (Kohl
et al., 2015; Pekar et al.,, 2010) and plants (e.g., between stems,
leaves, fruit and nectaries). Nutrient regulation through targeted con-
sumption of specific tissues (Mayntz et al., 2005; Pekar et al., 2010)
could lead to increased superfluous killing and abandonment of non-
target tissues, which could manifest unconventionally in functional
responses (Maupin, 2001; Samu & Biro, 1993). If the tissue types
consumed are known a priori (e.g., plant-pollinator and seed disper-
sal concern nectaries and fruit, respectively), it is straightforward
to account for this, but otherwise, observations, records or feeding

trials may provide this context.

5.2 | Constructing nutritional networks from
disparate data sources

To construct nutritional networks, nutritional and interaction
data must be collected in parallel. We provide an empirical ex-
ample above, including several ways of visualising and analysing
nutritional networks. Streamlined and cost-effective protocols for
nutrient quantification are available (Cuff et al., 2021), but many
alternative methods exist, each with different advantages (Zaguri
etal., 2021, 2022). The most affordable and rapid nutrient analysis
methods tend to be colorimetric assays, but these often neglect the
complexity and diversity of broad nutrient classes. Spectrometry-
based methods and techniques such as hydrolysed amino acid
analysis can identify better-resolved nutritional constituents
(e.g., individual amino acids), but are markedly more expensive
(Cuff et al., 2021; Zaguri et al., 2021, 2022). Ultimately, whichever
method is used, these data become attributes of the nodes or links
identified in the interaction data. Direct observation of interac-
tions is the most straightforward method for collecting interaction
data, but newer techniques such as DNA metabarcoding can facili-
tate construction of highly resolved and data-rich networks (Cuff,
Windsor, et al., 2022). There are, however, no protocols currently
available for parallel macronutrient and nucleic acid extraction
from the same individual, precluding individual-level networks
constructed using these methods together. Node-level averages
can, however, be determined for coarser networks (Cuff, Tercel,
Vaughan, et al., 2022). Metabarcoding-based networks neglect
the life stage and sex of their nodes (Nestel et al., 2016), preclude
detection of cannibalism. These methods also often fail to dif-
ferentiate between direct consumption and nutritionally distinct
interactions such as scavenging, secondary predation, accidental
consumption, parasitism and symbiosis (Cuff, Kitson, et al., 2023;
Greenstone et al., 2007; Miller et al., 2021; Neidel et al., 2022;
Paula et al., 2015; Tercel et al., 2021). Solutions to these prob-
lems are, however, increasingly emerging with methodological
innovation.

Network construction and analysis are also susceptible to
various limitations (McLeod et al., 2021), although the nature
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and impact of these is determined by the hypothesis tested (Cuff
et al., 2024) and can often be overcome with good experimental
design. These limitations can be compounded when combining
data from different methodologies (Cuff, Windsor, et al., 2022) and
nutritional networks will inherit these problems. Detectability bi-
ases are a critical consideration in networks, ultimately determin-
ing completeness (Quintero et al., 2022) and network properties
(Macgregor et al., 2017; McLeod et al., 2021). Network complete-
ness can be determined by assessing the accumulation of novel
pairwise interactions detected or observed (Chacoff et al., 2012;
Jordano, 2016; Macgregor et al., 2017; Traveset et al., 2015); nu-
tritional networks will only differ in needing to account for nutri-
tional variation within and between nodes. The number of samples
from which node-level nutritional data need to be collected will
vary depending on ontogeny, habitat and myriad other factors.
Individual networks will circumvent these challenges if individual
resource and consumer nutritional data can be collected in par-
allel, but care must be taken to ensure that nutritional data are
accurate and representative. It is crucial as well that researchers
remain vigilant to the underlying assumptions (i.e., auxiliary hy-
potheses) involved in nutritional network construction and analy-
sis. The acquisition of nutrients, for example, might not perfectly
reflect the nutrient content of the resource consumed according
to whole-body nutrient quantification if the consumer selects
specific tissues. Ultimately, how nutritional data are collected and
integrated into networks will be critical in determining how they

affect network properties.

6 | BROADER CONTEXT AND
CONCLUSIONS

Nutrients are likely to be a dominant structuring force in ecological
networks but are poorly integrated into them despite their potential
to rationalise network properties, predict rewiring and determine
robustness. This transcends bipartite trophic interactions; mutual-
isms often rely on nutritional rewards, the attractiveness of which
may depend on nutritional complementarity and quality. Equally, the
viability of host-parasitoid interactions is constrained by the nutri-
tion of developing parasitoids. Even within social and sexual interac-
tions (e.g., trophallaxis in ants, nuptial gifts between nursery web
spiders, Pisaura mirabilis) nutrients may determine interaction out-
comes. Whilst we have focussed on the implications of nutrients for
direct interactions, particularly predator-prey, these concepts are
much more broadly applicable. Indeed, nutrients are likely to be a
significant effector of indirect interactions via nutritional cascades
throughout whole networks or by driving competition between con-
sumers and/or resources. By investigating motifs within networks,
these indirect interactions can be identified (Simmons et al., 2019;
Tavella et al., 2022) and nutritional drivers elucidated. Other chemi-
cal constituents of resources including toxins may also modify nutri-
tional effects but could similarly and simultaneously be integrated
into networks.

To represent complex interdependent systems, multilayer net-
works offer a significant advance, linking discrete networks across
space and time (Pilosof et al., 2017). Our example of a nutritional
network conceptually overlaps with this by presenting different
nutrients as effective network layers, but this lacks interlayer links
between nodes, which typically represent differences in abun-
dance over space and/or time (Fortin et al., 2021; Hervias-Parejo
et al., 2023). By integrating these nutritional layers into a multilayer
framework, it would be possible to investigate nutritional networks
more cohesively, bridging gaps between nutrients, which are in-
herently linked biologically. Equally, more standard-practice multi-
layer approaches could link single nutrients over time and/or space.
Nutritional networks ultimately present an opportunity to apply
current best practices and state-of-the-art of network ecology to
resolve fundamental ecological hypotheses and significantly extend
our understanding of the mechanisms driving natural systems. By
integrating nutrients into ecological network analyses, their impact
on network structure, dynamics and function can be elucidated.
Characterising nutrients as a fundamental driver of ecological
processes will help to explain the mechanisms underpinning inter-
actions and network structures across a broad range of contexts,
ultimately unlocking the potential to extend our understanding of
complex natural systems.
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