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ABSTRACT
Aquatic and terrestrial ecosystems are linked through the reciprocal exchange of materials and organisms. Aquatic-to-terrestrial 
subsidies are relatively small in most terrestrial ecosystems, but they can provide high contents of limiting resources that in-
crease consumer fitness and ecosystem production. However, they also may carry significant contaminant loads, particularly in 
anthropogenically impacted watersheds. Global change processes, including land use change, climate change and biodiversity 
declines, are altering the quantity and quality of aquatic subsidies, potentially shifting the balance of costs and benefits of aquatic 
subsidies for terrestrial consumers. Many global change processes interact and impact both the bright and dark sides of aquatic 
subsidies simultaneously, highlighting the need for future integrative research that bridges ecosystem as well as disciplinary 
boundaries. We identify key research priorities, including increased quantification of the spatiotemporal variability in aquatic 
subsidies across a range of ecosystems, greater understanding of the landscape-scale extent of aquatic subsidy impacts and deeper 
exploration of the relative costs and benefits of aquatic subsidies for consumers.

1   |   Introduction

Aquatic and terrestrial ecosystems are intimately linked 
through reciprocal fluxes of dietary energy and materials 
(Nakano and Murakami  2001; Baxter et  al.  2005; Marleau 
et  al.  2020; Little et  al.  2022). Terrestrial ecosystems have 

long been considered important sources of nutrients, organic 
matter and contaminants to aquatic ecosystems (Fisher and 
Likens  1973; Junk et  al.  1989; Likens and Bormann  1974). 
Because of the concave shape and lower position of aquatic 
ecosystems in the landscape (Leroux and Loreau  2008), ter-
restrial subsidies concentrate in aquatic ecosystems and they 
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are often on the same order of magnitude as aquatic primary 
production (Gounand et  al.  2018). Subsidies from aquatic to 
terrestrial ecosystems move against this gravitational gradient 
via seasonal flooding, animal emergence and direct transport 
by terrestrial consumers (Junk et al. 1989; Quinn et al. 2009). 
Aquatic-to-terrestrial subsidies are sparser, around 2–3 or-
ders of magnitude smaller than rates of terrestrial production 
(Gounand et al. 2018). However, both aquatic and terrestrial 
consumers use allochthonous resources at similar rates (Allen 
et al. 2024). This difference in the relative magnitude versus 
assimilation of aquatic vs. terrestrial subsidies may be because 
aquatic subsidies are generally of relatively higher quality 
(Harvey et al. 2023; Pichon et al. 2023; Závorka et al. 2023), 
which can offset asymmetries in resource quantity and lead to 
spatial complementarity at the meta-ecosystem scale (Pichon 
et al. 2023).

Aquatic subsidies are often rich in elemental nutrients that 
can be limiting for terrestrial consumers (Twining et al. 2019; 
Figure 1). Moreover, physiologically important omega-3 long-
chain polyunsaturated fatty acids (n-3 LC-PUFA), which are 
virtually absent in terrestrial primary producers, are often 
abundant in aquatic food webs (Twining, Brenna, Hairston 
Jr, and Flecker 2016; Twining, Brenna, Lawrence, et al. 2016). 
However, aquatic ecosystems can also be a significant source 
of contaminants transferred to land, often referred to as the 
‘dark side’ of resource subsidies (Walters et al. 2008; Figure 1). 
Aquatic ecosystems aggregate a range of contaminants from 
across watersheds, including both organic and inorganic con-
taminants (Schmidt et  al.  2012; Drenner et  al.  2013; Bishop 
et  al.  2020; Smalling et  al.  2021; Waite et  al.  2021; Nowell 
et al. 2024). In some cases, contaminants reduce aquatic bio-
mass and thus aquatic-to-terrestrial fluxes (Kraus, Schmidt, 
and Walters 2014; Kraus et al. 2020). In other cases, aquatic 
consumers, from insects to fish to amphibians, can end up 

transporting contaminants back to land in often more concen-
trated, organic forms linked with potentially limiting nutri-
ents that can be readily assimilated by terrestrial consumers 
(Vander Zanden and Sanzone  2004; Walters et  al.  2008; 
Drenner et  al.  2022). Riparian and coastal zones are often 
hotspots of consumer foraging, facilitating the consumption 
and transfer of aquatic subsidies and associated contami-
nants farther inland than they would reach through abiotic 
vectors alone (e.g., Raikow et  al.  2011; Gerber et  al.  2023). 
Consequently, aquatic subsidies can play outsized positive 
as well as negative roles in ecosystem function, even when 
relatively small in magnitude (Marcarelli et al. 2011; Bartels 
et al. 2012).

Global change processes are increasingly shifting the bal-
ance of aquatic resource quantity and quality in a myriad 
of ways. Land use changes can increase inputs of sediment, 
nutrients and contaminants from terrestrial to aquatic eco-
systems, which can decrease the quantity of aquatic-to-
terrestrial subsidies while also changing their quality (Larsen 
et  al.  2016; Kraus, Walters, et  al.  2014). Climate change can 
increase temperatures and alter hydrological regimes (Häder 
and Barnes 2019), which may foster conditions that increase 
contaminant loads (Hall, Cobb, et  al.  2020; Hall, Woo, 
et al. 2020), while also altering the phenology of both aquatic 
and terrestrial consumers (Shipley et  al.  2022). Biodiversity 
loss can lead to declines in native species and changes in com-
munity composition (Rumschlag et al. 2023) that can lead to 
loss of biomass and functional trait diversity of aquatic subsi-
dies and alter the ratio of nutrients to contaminants (Brandt 
et  al.  2024). Together, these processes can shift the relative 
cost: benefit ratio of aquatic subsidies for consumers, which 
may lead to riparian and coastal habitats becoming ecological 
traps for consumers who rely upon aquatic subsidies only to 
find them increasingly laden with contaminants.

FIGURE 1    |    Terrestrial inputs of organic matter and nutrients to aquatic ecosystems can fuel aquatic primary production, including the produc-
tion of limiting resources such as omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFA). Aquatic ecosystems also can accumulate contam-
inants from the watershed, which may be further transformed by aquatic ecosystem processes (e.g., mercury methylation). Primary and secondary 
consumers may assimilate both resources and contaminants in aquatic ecosystems and transport them back to the terrestrial ecosystem through 
biotic and abiotic pathways. These aquatic-terrestrial subsidies can provide both critical resources (‘bright side’) and contaminants (‘dark side’) for 
terrestrial consumers such as birds, mammals, or arthropods like spiders and eventually humans.
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Here, we review the state of research on aquatic-to-terrestrial 
subsidies with a focus on several key processes that trans-
form the quality of resources within freshwater ecosystems 
(Figure 1). First, we highlight multiple aspects of aquatic re-
sources, from algae to animals, that make them particularly 
high quality for a diversity of consumers—the ‘bright side’ 
of resource subsidies. We then synthesise research on the 
‘dark side’ of aquatic-to-terrestrial subsidies, explaining how 
freshwater ecosystems can simultaneously serve as sources of 
harmful compounds. Finally, we discuss how global change is 
altering key transformative processes that occur within water 
and influence the quantity and quality of subsidies. We end 
by highlighting the benefits of greater integration between 
basic food web ecology research on the bright side of subsidies 
with more applied ecotoxicology research on the dark side of 
subsidies.

2   |   The Bright Side of Subsidies

2.1   |   Dietary Energy

Aquatic ecosystems, from lakes and ponds to rivers and 
streams, can be important sources of dietary energy that sub-
sidise primary producers as well as consumers in adjacent ter-
restrial food webs (Naiman et al. 2002; Schindler et al. 2003; 
Baxter et al. 2005; Figure 1). Differences in the phenological 
timing of subsidies, and their quantity (e.g., biomass) and 
quality (e.g., nutrient or contaminant content), can signifi-
cantly impact how subsidies influence production in recipient 
ecosystems (Subalusky and Post 2019). In temperate forested 
streams, aquatic-to-terrestrial subsidies are typically greatest 
during early spring insect and amphibian emergence prior to 
leaf-out (e.g., Nakano and Murakami 2001; Baxter et al. 2005), 
while in temperate lakes large fluxes of insect biomass often 
continue throughout the summer (e.g., Martin-Creuzburg 
et al. 2017). Though aquatic subsidies may be greatest during 
the spring and/or summer, small fluxes of emergent insects 
that continue during the winter, thanks to the greater ther-
mal inertia of water compared to air, can be extremely im-
portant resources for riparian consumers in temperate areas 
where terrestrial insect biomass is near zero (e.g., Nakano and 
Murakami 2001; Iwata et al. 2003). Spatially, the importance of 
subsidies is typically greatest along ecotones, such as coastal, 
littoral and riparian areas. However, landscape characteristics 
of both the donor (i.e., subsidy source) and recipient (i.e., sub-
sidy destination) ecosystems can enhance or constrain such 
subsidies. For example, aquatic subsidy availability in terres-
trial ecosystems typically decreases with distance from shore 
(Gratton and Vander Zanden  2009; Muehlbauer et  al.  2014; 
Chari et al. 2020). Steep banks or confined valleys can further 
limit the transfer of nutrients via emerging insects (Power and 
Rainey 2000; Hagen and Sabo 2011). Meandering or braided 
streams and rivers with complex stream edges promote high 
riparian connectivity and subsidise a diversity of terrestrial 
predators, such as birds during periods of low abundance of 
terrestrial prey in the winter (Iwata et  al.  2003). Depth and 
shape influence subsidy magnitude in lakes, whereby deeper 
lakes with larger pelagic zones export smaller per area subsi-
dies to riparian consumers compared with ponds or shallower 

lakes with larger littoral zones (Fehlinger et al. 2022; Martin-
Creuzburg et al. 2017; Mathieu-Resuge et al. 2021).

2.2   |   Nutrients

Resource quality across both aquatic and terrestrial ecosystems 
is often defined in terms of the stoichiometric ratio of carbon 
to essential elemental nutrients, such as nitrogen or phosphorus 
(Elser, Fagan, et al. 2000; Elser, Sterner, et al. 2000). Terrestrial 
vegetation typically has the highest C:N and C:P ratios, while 
algae, animals and heterotrophic microbes like fungi and bac-
teria typically have C:N and C:P ratios that are several orders of 
magnitude lower (Elser, Fagan, et  al.  2000). Vegetation, espe-
cially leaves, tends to dominate terrestrial-to-aquatic subsidies, 
with smaller inputs of higher protein and lower C:N terrestrial 
insects, large animal carcasses, or faeces (Baxter et  al.  2005; 
Edwards and Huryn 1995; Mason and MacDonald 1982). In con-
trast, most aquatic-to-terrestrial subsidies tend to be in the form 
of animal bodies, such as the emerging adult phases of aquatic 
insects or fish that are transported to riparian ecosystems by 
other consumers. For example, migratory fish like salmon or 
suckers that are rich in both P and N are important resources 
for P-limited stream food webs (e.g., Gende et  al.  2002, 2004; 
Childress and McIntyre  2015; Kurasawa et  al.  2024) and also 
a substantial source of aquatic-derived N to riparian trees and 
shrubs (Helfield and Naiman  2001). Aquatic primary produc-
ers can also subsidise consumers from terrestrial systems ei-
ther when consumed from the water (Bakker et al. 2016; Lopez 
et al. 2020) or when receding water exposes algal mats (Bastow 
et  al.  2002). Aquatic subsidies rich in essential elemental nu-
trients can also increase soil nutrients (Dreyer et al. 2015), ter-
restrial plant production (Bultman et  al.  2014) and terrestrial 
predator biomass (Eriksson et  al.  2021), which may alter top-
down effects on terrestrial prey (Henschel et al. 2001; Sabo and 
Power 2002).

Fatty acid composition also varies fundamentally between 
aquatic and terrestrial ecosystems starting at the base of food 
webs (Hixson et  al.  2015; Twining, Brenna, Hairston Jr, and 
Flecker  2016), creating further differences in the quality of 
aquatic versus terrestrial subsidies for consumers. Aquatic pri-
mary producers including phytoplankton, benthic algae and 
some aquatic plants produce n-6 as well as n-3 LC-PUFA, which 
are essential for somatic growth, reproduction and survival of 
consumers (Twining, Brenna, Hairston Jr, and Flecker 2016). In 
contrast, terrestrial plants have relatively poor capabilities for 
producing LC-PUFA and tend to have higher ratios of n-6 to 
n-3 PUFA (Hixson et  al.  2015; Twining, Brenna, Hairston Jr, 
and Flecker 2016). LC-PUFA are critical structural components 
of cell membranes, are required as parts of many metabolic 
pathways and can be used to store energy (Arts et  al.  2001). 
Crucially, unlike stoichiometric differences which are most 
pronounced at lower trophic levels (Elser, Fagan, et al. 2000), 
differences in PUFA composition also persist at higher trophic 
levels (Hixson et  al.  2015; Twining, Brenna, Hairston Jr, and 
Flecker 2016). For instance, aquatic insects have substantially 
higher n-3 LC-PUFA content than terrestrial insects (Parmar 
et al. 2022). These differences arise when aquatic animals con-
suming aquatic primary producers retain LC-PUFA (Strandberg 
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et al. 2015), which can then accumulate at higher trophic levels 
(Guo et al. 2017).

Aquatic LC-PUFA can be transferred to land via a variety of 
pathways, including emerging insects or amphibians (e.g., 
Martin-Creuzburg et al. 2017; Moyo et al. 2017; Fritz et al. 2019), 
terrestrial consumers feeding directly on freshwater prey (e.g., 
Koussoroplis et  al.  2008) and terrestrial carcass-scattering 
during major fish migrations (e.g., Gende et al. 2004; Gladyshev 
et al. 2009). The quality and quantity of LC-PUFA exported from 
aquatic to terrestrial ecosystems depend on a variety of factors, 
including the composition of both aquatic primary producers 
(Guo et al. 2017; Moyo and Richoux 2022) and consumers (e.g., 
Martin-Creuzburg et  al.  2017; Mathieu-Resuge et  al.  2022). 
Aquatic subsidies of LC-PUFA can represent substantial benefits 
for growth, condition, immune function and reproduction of ter-
restrial consumers, such as birds (Twining, Brenna, Lawrence, 
et al. 2016; Twining et al. 2018, 2019) or spiders (Fritz et al. 2017; 
Kowarik et al. 2021; Kirschman et al. 2024) in riparian zones. 
Thus, even when small relative to terrestrial subsidies, aquatic 
resources can be exceptionally important for consumers and 
ecosystems in adjacent habitats due to their quality (Twining 
et al. 2019).

3   |   The Dark Side of Subsidies

Freshwaters collect and concentrate contaminants throughout 
their watersheds, which can lead to widespread contamina-
tion in many aquatic systems and subsequent impacts on eco-
system function (Fleeger et al. 2003). These contaminants can 
impact the quantity, quality, timing and composition of aquatic-
to-terrestrial subsidies (Figure 1) by: (1) reducing aquatic pro-
duction and subsequently aquatic-to-terrestrial subsidies, (2) 
accumulating in tissues of aquatic consumers that subsidise 
terrestrial ecosystems and (3) becoming more concentrated at 
higher trophic levels in aquatic consumers that serve as subsi-
dies. Contaminant classes, such as trace metals, organo-metals, 
pharmaceuticals, pesticides and persistent organic pollutants 
(POPs) differ in the types of effects they have on subsidies 
(Kraus 2019; Kraus et al. 2020). For example, organo-metals like 
methylmercury (MeHg) and non-insecticide POPs tend to ac-
cumulate in aquatic insect larvae and be retained in the bodies 
of the adult aquatic insects, thus altering the quality of aquatic-
to-terrestrial subsidies (Walters et al. 2008, 2016). On the other 
hand, trace inorganic metals, insecticides and other compounds 
that are highly toxic to aquatic insect larvae generally exhibit 
limited accumulation, and instead decrease aquatic secondary 
production (e.g., Carlisle and Clements  2003) and emergence 
(Paetzold et  al.  2011; Kraus, Walters, et  al.  2014), thus reduc-
ing aquatic subsidy quantity (Schmidt et al. 2013, 2022; Wesner 
et al. 2014; Miller et al. 2020).

3.1   |   Metal(Loid)s

Metals enter aquatic ecosystems from the atmosphere through 
both natural processes like volcanoes and volatilization from 
soils or water as well as through industrial processes (Nriagu 
and Pacyna  1988). Trace metals (e.g., Cu, Cd and Zn) from 
hardrock mining and natural mineralization can also leach into 

surface and groundwater from tailing piles, open mining tun-
nels, soil and exposed rock (Schmidt et al. 2012). Sulfur oxida-
tion in minerals can generate acidity that lowers pH and further 
elevates dissolved metal concentrations and bioavailability in 
aquatic ecosystems (Balistrieri et  al.  2020). Unlike trace met-
als, the metal(oid)s mercury, selenium and arsenic can enter 
aquatic ecosystems in both inorganic (e.g., Hg2+) and organic 
forms (e.g., MeHg) and can be converted from inorganic to or-
ganic forms by bacteria, primary producers, or other biotrans-
formative processes (Stadtman 1974; Gilmour et al. 2011, 2013). 
Environmental conditions can influence the bioavailability of 
all metals and metalloids, which in turn impacts their bioac-
cumulation and toxicity. For example, the bioaccumulation of 
trace metals and inorganic metalloids within biota is largely de-
termined by the bioavailable fraction of the metal in the environ-
ment (e.g., sediment, water and diet). Trace metals can be very 
toxic to organisms at lower trophic levels, but they tend to be ex-
creted through processes like metamorphosis and trophic trans-
fer and thus do not bioaccumulate within food webs (Pickhardt 
and Fisher 2007; Mathews and Fisher 2008; Revenga et al. 2012; 
Kraus, Walters, et al. 2014; Herman et al. 2021). Similarly, the 
availability of organic metalloids (e.g., Chapman et  al.  2010; 
Rahman et al. 2012; Erickson et al. 2019) like MeHg for aquatic 
consumers, such as insect larvae, zooplankton and fish, de-
pends on environmental conditions that favour the production 
of MeHg, especially redox conditions at the sediment/water in-
terface (Ullrich et al. 2001; Tang et al. 2020). MeHg availability 
also depends on the biomass of primary producers: higher pri-
mary producer biomass generally results in lower MeHg content 
per unit biomass (i.e., MeHg biodilution; Pickhardt et al. 2002), 
which in turn results in lower MeHg content in aquatic con-
sumers (Walters et al. 2015). However, in contrast to trace met-
als, organic metalloids accumulate more readily within biota, 
are well-retained across life stages like metamorphosis and in 
the case of MeHg biomagnify along food chains (e.g., Lavoie 
et  al.  2013). Much of the toxic effects of organic metalloids, 
therefore, occur at higher trophic levels (Basu and Head 2010; 
Hallinger et al. 2011; Chételat et al. 2020), although metalloids 
differ in their toxicity at the base of the food web depending on 
chemical species (Chapman et  al.  2010; Rahman et  al.  2012; 
Erickson et al. 2019).

As a result of these differences in bioaccumulation and toxicity, 
trace metals and organic metals like MeHg have very different 
impacts on aquatic-to-terrestrial subsidies (Kraus  2019; Kraus 
et al. 2020). For example, animal-mediated fluxes of MeHg from 
aquatic to terrestrial food webs can be driven by food web struc-
ture and nutrient concentrations as well as the MeHg contents 
of consumers themselves (Chumchal and Drenner 2015, 2020). 
Specifically, predators like fish can decrease emergent insect 
fluxes of MeHg, while nutrients and MeHg accumulation in 
predatory insects can increase emergent insect fluxes of MeHg. 
MeHg contents in riparian insectivores are also correlated with 
insect-mediated fluxes of MeHg (e.g., Twining, Bernhardt, 
et al. 2021; Twining, Razavi, et al. 2021). Unlike MeHg, insect-
mediated fluxes of trace metals tend to be negatively cor-
related with bioavailable concentrations of trace metals, which 
are highly toxic to insect larvae (Schmidt et  al.  2010; Mebane 
et al. 2020) and metamorphosing insects (Schmidt et al. 2013; 
Wesner et al. 2017). Consequently, high concentrations of trace 
metals in aquatic ecosystems typically reduce emergent insect 

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 20

biomass and prevent contaminants from moving into terres-
trial ecosystems (Paetzold et  al.  2011; Kraus, Schmidt, and 
Walters, 2014). As a result, trace metals impact riparian insecti-
vores indirectly through their effects on emergent insect biomass 
(Kraus, Schmidt, and Walters,  2014). Comparing the physico-
chemical properties of individual compounds to their retention 
across metamorphosis can help predict their potential for bio-
accumulation. The propensity for inorganic trace metals to be 
retained across metamorphosis appears related to their protein-
binding affinity (Kraus, Walters, et al. 2014; Bogstie et al. 2024), 
and detoxification processes that mineralise the metal (Wanty 
et al. 2017). For instance, trace metals are more toxic to insect 
larvae and less likely to be retained across metamorphosis than 
organic metals such as MeHg or selenium. These patterns ex-
plain why contaminant content in riparian insectivores, such 
as spiders and swallows, is much more effective as a sentinel 
of MeHg and selenium pollution than for trace metal pollution 
(Alberts et al. 2013; Otter et al. 2013; Chumchal et al. 2022).

3.2   |   Organic Pollutants

Organic pollutants as a group are extremely diverse in terms 
of their source, accumulation in biota and behaviour within 
aquatic ecosystems. Similarly to metals, organic pollutant con-
tents vary based on landscape context, their physico-chemical 
properties and other aspects of water quality like temperature 
and dissolved oxygen content. Unlike most metals, organic 
pollutants contain carbon-nitrogen or carbon–carbon bonds. 
Numerous organic pollutants have been studied with respect to 
their effects on aquatic-to-terrestrial subsidies, including poly-
chlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons 
(PAHs), pharmaceuticals and endocrine-disrupting chemicals, 
flame retardants, pesticides (i.e., herbicides, insecticides and 
fungicides) and surfactants and antifouling adjuvants (added 
to chemical mixtures). Some of these classes, such as PCBs, 
historically used insecticides (e.g., dichlorodiphenyltrichlo-
roethane [DDT]) and dioxins, are considered persistent organic 
pollutants (POPs), which are mostly highly lipophilic haloge-
nated organic compounds that do not readily break down in 
the environment and are extremely toxic to humans and other 
organisms. Unfortunately, because they are fat soluble, these 
highly toxic lipophilic compounds often bioaccumulate and 
biomagnify within both terrestrial and aquatic food webs (e.g., 
Vander Zanden and Rasmussen  1996; Kelly et  al.  2008; Kelly 
and Gobas  2003). Other compounds, such as PAHs and some 
current pesticides, are more likely to be metabolised within or-
ganisms, and as such show a pattern of biodilution with trophic 
transfer higher up the food web (e.g., Erasmus et al. 2020; Fu 
et al. 2022; Jin et al. 2023).

As a result of these differences in patterns of accumulation and 
toxicity, organic contaminants vary greatly in their impacts 
on aquatic-to-terrestrial subsidies (Kraus  2019; Bundschuh 
et al. 2022). Persistent organic contaminants like PCBs that are 
not highly toxic to aquatic animals can accumulate and then 
enter terrestrial food webs as subsidies, e.g., via aquatic insect 
emergence or consumption of contaminated fish. For example, 
contents of such compounds in riparian spiders eating aquatic 
insects can be closely related to the contents of these compounds 
in river sediment (Walters et  al.  2010). Migratory fishes, such 

as salmonids, that move across multiple aquatic ecosystems as 
part of their life cycle can also be important vectors of persistent 
organic contaminants into both aquatic (Merna  1986; Gerig 
et al. 2018) as well as riparian food webs (Morrissey et al. 2012). 
Other organic compounds like PAHs appear to be metabolised 
during metamorphosis and biodilute within food chains, mak-
ing them less of a threat to subsidised terrestrial food webs. 
For instance, the concentration of PAHs in adult Chironomus 
(Meigen 1803; non-biting midges) was 2.9 times higher in lar-
vae than in adults, making them (or at least their parent com-
pounds) less of a threat to subsidised terrestrial food webs. 
However, compounds belonging to many classes of compounds 
like pharmaceuticals and personal care products, endocrine-
disrupting chemicals, pesticides and flame retardants appear 
to vary greatly in their bioaccumulation properties within those 
classes and thus in their effects on aquatic-terrestrial linkages 
(Richmond et al. 2018; Previšić et al. 2021; Rosi et al. 2023).

Understanding the relative toxicity and bioaccumulation of 
contaminants in insects may help us estimate insect-mediated 
contaminant fluxes from aquatic to terrestrial food webs. For 
example, the octanol–water partitioning coefficient (log Kow), 
which is a metric of how soluble the compound is in lipids com-
pared with water (i.e., lipophilicity) and the size of the compound, 
appears to be related to the retention of some contaminants 
across metamorphosis. In a meta-analysis, Kraus, Walters, 
et al.  (2014) found that log Kow was negatively correlated with 
the metamorphic retention of less lipophilic (log Kow < 5; mainly 
PAHs) and larger compounds, and positively correlated for more 
lipophilic (log Kow 5–7) and smaller compounds (Liu et al. 2018). 
Liu et al. (2021) also found a negative relationship between log 
Kow and metamorphic retention for organophosphorus flame 
retardants and plasticizers with log Kow ranging from ~0 to 10. 
Consequently, Kraus  (2019) predicted that current-use insecti-
cides, which are not expected to accumulate in insect tissues but 
are expected to reduce metamorphosis, should lead to reduced 
emergence and decreased insecticide flux from contaminated 
waters.

However, the most recent studies in this area have failed to show 
a consistent relationship between physico-chemical properties 
and metamorphic retention of organic compounds. In fact, 
empirical work suggested that while current-use insecticides 
accumulated in wetland insects and led to a 43% decline in emer-
gence biomass, there was also a 50% increase in overall pesticide 
flux via emergent insects across an insecticide gradient (Kraus 
et al. 2022). Additional recent studies also suggest that emergent 
aquatic insects can indeed be important sources of current-use 
pesticides, including those with log Kow < 5 as well as neonic-
otinoids, for riparian ecosystems (Roodt et  al.  2022; Roodt, 
Huszarik, et al. 2023; Roodt, Schaufelberger, and Schulz 2023), 
and that such pesticides can bioaccumulate in both emerging 
aquatic insects as well as in riparian spiders (Roodt, Huszarik, 
et al. 2023). However, at very high doses, such pesticides are le-
thal to most taxa, resulting in major declines in emergent in-
sect biomass and thus minimal organic contaminant transport 
(Barmentlo et  al.  2021). Given the strong negative effects that 
current-use pesticides like neonicotinoids can also have on ter-
restrial vertebrates (Eng et al. 2017, 2019), more research on the 
transfer of such compounds across aquatic-terrestrial meta-
ecosystems will help fill this current knowledge gap.
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3.3   |   Cyanobacterial Toxins

Another group of harmful organic compounds that largely 
originate in aquatic systems and have the potential to alter the 
quality of aquatic-terrestrial subsidies are cyanobacterial toxins. 
Cyanobacteria comprise a diverse group of prokaryotic organ-
isms of which many can produce secondary metabolites that 
are potentially harmful to consumers (Sivonen 1996). As the 
frequency of toxic cyanobacterial blooms increases, their effects 
on aquatic and nearby terrestrial communities are of increasing 
interest and concern. Cyanobacteria can expose zooplankton 
and other consumers to cyanobacterial toxins. These toxins may 
affect aquatic-to-terrestrial subsidies by altering aquatic subsidy 
production as well as through bioaccumulation. The sensitiv-
ity of emergent aquatic insect larvae to cyanobacterial toxins 
has not yet been studied systematically (Fadel et al. 2023). The 
available studies have focused mostly on microcystins, a well-
studied group of harmful secondary metabolites produced by 
many cyanobacteria, especially those of the genera Microcystis, 
Anabaena/Dolichospermum and Planktothrix. In mosquito 
larvae, microcystin exposure has been reported to damage 
the epithelial cells of the midgut, increase mortality (Saario 
et al. 1994) and delay development (Rey et al. 2009). In larvae 
of the Ecdyonurus angelieri (Thomas 1968; mayfly), microcystin 
accumulation has been shown to cause severe histological dam-
age in the fat body and alterations in the tracheal system, thus 
increasing mortality (Liarte et al. 2014). In general, however, it 
seems that invertebrates, including aquatic insect larvae, may 
be less sensitive to these toxins compared to mammals (Stewart 
et al. 2008), which experience neurotoxicity from cyanobacterial 
poisoning that often leads to death.

Researchers are just beginning to study fluxes of cyanobacte-
rial toxins across the aquatic-terrestrial interface. For instance, 
larvae of non-biting midges have been shown to feed on cyano-
bacteria and to accumulate microcystins as well as the potent 
neurotoxin anatoxin-a in high amounts without experiencing 
increased mortality (Toporowska et al. 2014). Microcystins have 
also been shown to accumulate in larvae of the genus Hexagenia 
(Walsh 1863; mayfly) and to be present in the terrestrial adult life 
stage, suggesting that emergent aquatic insects could be import-
ant vectors for the transport of cyanotoxins across the aquatic-
terrestrial interface (Moy et  al.  2016; Woller-Skar et  al.  2020). 
Moy et  al.  (2016) reported the transfer of microcystins from 
Hexagenia mayflies to their consumers, that is, spiders and 
Protonotaria citrea (Boddaert 1783; Prothonotary Warblers). In 
Prothonotary Warblers, the highest microcystin concentrations 
were found in nestlings, especially at sites where the nestlings 
received higher proportions of aquatic insects in their diet. A 
recent study found that microcystins derived from Planktothrix 
accumulate in zooplankton, but not in emergent aquatic insects, 
including Chaoborus (Lichtenstein 1800), whose larvae feed on 
zooplankton (Riehle et  al.  2024). In general, the microcystin 
content seems to be lower in secondary consumers, suggest-
ing biodilution (Ferrão-Filho and Kozlowsky-Suzuki  2011). 
However, the bioaccumulation of microcystins in emerging in-
sects might be species-specific (Poste et al. 2011; Cianci-Gaskill 
et al. 2022; Glidewell et al. 2024). Whether this is also true for 
other cyanobacterial toxins across the aquatic-terrestrial bound-
ary is unclear. In light of the predicted increase in the frequency 
and severity of harmful cyanobacterial blooms (see below), 

understanding the trophic transfer of cyanobacterial toxins 
within aquatic food webs and across ecosystem boundaries will 
become increasingly relevant.

4   |   Global Change Impacts on 
Aquatic-to-Terrestrial Subsidies

Global change processes are increasingly shifting the balance 
between the ‘dark’ and ‘bright’ sides of cross-ecosystem sub-
sidies. Interacting processes like land use and climate change 
are already altering factors including the timing, magnitude 
and, especially, the quality of aquatic subsidies (Manning and 
Sullivan  2021; Schulz et  al.  2023). For example, the net effect 
of aquatic to terrestrial subsidies can shift from beneficial to 
harmful with increased inputs of contaminants in areas with 
intensive anthropogenic land use. This shift has the potential 
to turn riparian zones and their associated resource subsidies 
into ecological traps for consumers, who may continue to use 
them as important resources despite their new contaminant 
load (e.g., Hale and Swearer 2016). Human-induced climate and 
land-use change are also expected to influence species compo-
sition, production and phenology in riparian and aquatic eco-
systems (Larsen et al. 2016), in turn altering subsidy quantity, 
quality and temporal dynamics at the aquatic-terrestrial bound-
ary (Jentsch and White 2019). In particular, climate change has 
a high potential to shift the phenology and variability of subsi-
dies, making them either more or less pulsed (Nash et al. 2023; 
Leathers et  al.  2024), as well as changing their nutritional 
quality (Strandberg et  al.  2020; Twining et  al.  2022; Shipley 
et  al.  2022). Biodiversity change within aquatic ecosystems, 
often driven by land use intensification and/or climate warming 
(Haase et al. 2023; Wilkes et al. 2023), also has the potential to 
further alter the dynamics and quality of aquatic to terrestrial 
fluxes. Such changes in subsidy characteristics will interact with 
characteristics of the recipient ecosystem, such as the phenology 
of producers and consumers (Subalusky and Post 2019).

4.1   |   Land Use Change

Land use changes, such as agricultural intensification and ur-
banisation, often result in changing inputs of contaminants, 
sediment and elemental nutrients from terrestrial ecosystems. 
In turn, this can alter both the quality and quantity of aquatic-
to-terrestrial subsidies (e.g., Krell et al. 2015; Larsen et al. 2016; 
Figure  2a). For example, aquatic ecosystems polluted by trace 
metals are likely to have reduced emergent insect biomass 
(Paetzold et al. 2011; Kraus, Schmidt, and Walters 2014). Direct 
inputs of elemental nutrients from terrestrial ecosystems, such 
as those from intensive agriculture or sewage discharges in 
human-impacted landscapes, can also likely have strong effects 
on aquatic ecosystems (Watzin and McIntosh 1999), and their 
subsidies. For instance, some studies suggest that increased N 
and P inputs may boost aquatic primary productivity, translat-
ing into larger aquatic subsidies in agricultural areas compared 
to forested areas (Carlson et al. 2016; Raitif et al. 2022). However, 
high levels of elemental nutrients can shift aquatic primary pro-
ducer composition towards cyanobacteria that are less palatable, 
nutritionally inadequate (e.g., lacking sterols and n-3 LCPUFA) 
and potentially toxic (Martin-Creuzburg and von Elert  2008). 
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Cyanobacterial blooms, including those containing microcys-
tin toxins, are strongly associated with intensive human land 
use, especially agricultural and urban areas, as well as climate 
warming (e.g., Beaver et al. 2014; Kakouei et al. 2021). Increased 
cyanobacterial blooms due to ongoing climate and land use 
change could potentially reduce aquatic-to-terrestrial subsidies 
or substantially alter their quality (Moy et al. 2016).

Land use can also have a drastic impact on emergent insect 
community composition in terms of the functional traits of 
emerging insects, including their dispersal ability (Frainer and 
McKie  2015; Stenroth et  al.  2015; Carlson et  al.  2016; McKie 
et al. 2018) and nutritional quality (see below). For instance, ag-
ricultural areas typically support fewer large-bodied taxa like 
Ephemeroptera, Plecoptera (Burmeister 1839) and Trichoptera 
and more small-bodied taxa, especially Diptera, which are rel-
atively weak flyers and disperse over short distances (Stenroth 
et al. 2015; Carlson et al. 2016; Raitif et al. 2019). Urbanisation, 
including the transition from agricultural to urban areas, can 
also further shift communities to dipteran dominance (Kautza 
and Sullivan 2015, 2016). These changes in communities lead-
ing to differences in dispersal and emergence traits could alter 
riparian connectivity, such that subsidies in areas with intensive 
human land use could have more localised effects compared 
to those from less disturbed areas (Alberts and Sullivan 2016; 
Sullivan et  al.  2021; Kowarik et  al.  2023). However, riparian 

cover can also influence the degree to which aquatic subsidies 
are incorporated into terrestrial food webs (Raitif et al. 2022): 
for instance, streams with a riparian forested buffer zone had 
higher n-3 LC-PUFA (i.e., nutrients primarily of aquatic or-
igin) in certain spider groups such as wolf spiders (Lycosidae; 
Sundevall 1833) compared to streams without a buffer zone 
(Ramberg et al. 2020).

Land use change can also lead to shifts in the quality of subsidies 
by increasing their contaminant content. For instance, aquatic 
subsidies from areas with intensive human land use can include 
pesticides, pharmaceuticals and a range of other contaminants 
(see Table  1). Of particular concern are MeHg and other or-
ganic compounds, which biomagnify within aquatic food webs 
and are well retained across life stages like metamorphosis and 
emergence. Exposure to such compounds often varies with local 
land use: multiple studies have documented increased MeHg ex-
posure in insectivorous riparian birds in areas heavily altered by 
industrial and agricultural activities (e.g., Hallinger et al. 2011; 
Twining, Razavi, et al. 2021). Recent work also highlights how 
emergent aquatic insects can serve as major sources of neonicoti-
noid pesticides for riparian ecosystems (Roodt et al. 2022; Roodt, 
Huszarik, et al. 2023; Roodt, Schaufelberger, and Schulz 2023). 
Of particular concern, researchers found that even in instances 
where heavy use of insecticides for row crop agriculture re-
sulted in declines in emergent insect biomass, the insects that 

FIGURE 2    |    Both the bright and dark sides of resource subsidies can be shaped by several inter-linked (arrows between sections) drivers of global 
change. (a) Land use change can alter inputs from terrestrial to aquatic ecosystems, often increasing sediment, nutrients and contaminants and lead 
to changes in aquatic community structure. Together, these changes may lead to more homogenous pulsed resources of aquatic subsidies with higher 
concentrations of contaminants. (b) Climate change can increase temperatures and alter hydrological regimes, which may increase the occurrence 
of conditions that favour mercury methylation and growth of harmful algal blooms, while also altering the phenology of both aquatic and terrestri-
al consumers. These changes may lead to phenological mismatches with riparian consumers and increased ratios of contaminants to resources. (c) 
Biodiversity change, including widespread declines of native species and the spread of invasive species, can alter the biomass and functional trait 
diversity of both aquatic and terrestrial consumers. These changes may lead to more homogenous pulses of aquatic resources that may be uncoupled 
from terrestrial consumers.
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did emerge resulted in increased fluxes of contaminants relative 
to areas with lower insecticide use (Kraus et al. 2022).

Subsidy quality may also shift with continued land use change 
due to changes in the species composition of aquatic invertebrates 
(Dwyer et al. 2018; Parmar et al. 2022) or their basal resources like 
algae (Whorley et al. 2019). For example, some studies of periph-
yton along urbanisation and agricultural gradients have found 
decreased n-3 LC-PUFA content in heavily modified systems that 
receive large N and P inputs (Cashman et al. 2013; Guo et al. 2015), 
while others have found higher proportions of these fatty acids in 
such systems (Guo et al. 2021; Whorley et al. 2019). Within taxa, 
in a mesocosm study, Scharnweber et al. (2020) found that higher 
P levels were associated with lower eicosapentaenoic acid (20:5n-3, 
EPA) content in emergent insects. Guo et  al.  (2017) found that 
grazer LC-PUFA content became more similar to that of periphy-
ton when periphyton LC-PUFA content increased under low light, 
high nutrient conditions. Other studies of consumer fatty acid 

composition along land use gradients have found little consistent 
effect of land use on either periphyton or emergent aquatic insect 
fatty acid composition (e.g., Larson et al. 2013; Twining et al. 2021). 
However, even without land use-induced changes in their own nu-
trient content, the relative nutritional value of aquatic insects may 
be greater in urbanised areas where the n-3 LC-PUFA content of 
terrestrial arthropods is lower (Shipley et al. 2024).

Land use change can also lead to changes in the composition and 
timing of subsidies due to light pollution as well as urban heat island 
effects (see climate change section below). Many aquatic ecosys-
tems in urban and suburban areas also are receiving increased in-
puts of light due to artificial light at night (ALAN). ALAN can have 
complex species-specific and context-dependent effects that can 
influence aquatic-terrestrial linkages (Hirt et al. 2023). In aquatic 
systems, shredder insects exposed to artificial light increased rates 
of consumption, although without subsequent increases in growth 
rates, suggesting resulting increases in litter breakdown rates and 

FIGURE 3    |    Future priorities for research encompassing both the bright and dark sides of aquatic-to-terrestrial subsidies include: (a) incorporat-
ing more spatiotemporal variability into sampling efforts, (b) working at the landscape scale across a diversity of consumers that vary in their reli-
ance upon aquatic resources as well as their evolutionary history and (c) understanding the mechanisms through which subsidies shift from being 
beneficial resources to functioning as ecological traps for consumers.
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potential declines in invertebrate fitness (Czarnecka et al. 2021). 
Flying insects, and emerging aquatic invertebrates in particular, 
are impacted by ALAN through modification in behaviour and 
emergence patterns (Szaz et al. 2015). ALAN can decrease rich-
ness and mean body size of emerging insects, while increasing 
mean body size of riparian consumers (Meyer and Sullivan 2013). 
In another study, experimental increases in ALAN increased the 
emergence rates of aquatic insects, total amount of flying insects 
and the proportion of flying insects that were aquatic, which cas-
caded through the riparian food web to alter the composition of 
riparian consumer and scavenger species (Manfrin et  al.  2017). 
These effects point to the complex changes in the magnitude and 
effect of aquatic-terrestrial fluxes that can result from changes in 
natural light regimes, which are becoming increasingly common 
(Sullivan and Manning 2019; Parkinson and Tiegs 2023).

4.2   |   Climate Change and Warming

Climate warming is already influencing key processes that 
shape the quantity and quality of aquatic subsidies (Figure 2b; 
Häder and Barnes  2019). Aquatic food webs are typically 

dominated by ectotherms ranging from zooplankton to fish 
(Borer et  al.  2005; Ward and McCann  2017). Consequently, 
metabolic processes like growth and development are directly 
related to temperature in most aquatic consumers, mak-
ing them especially likely to respond to climate warming as 
well as urban heat island effects generated through land use 
change (Angilletta Jr et al. 2004; Zuo et al. 2012; Vanni and 
McIntyre 2016). The phenology of emergent insects is highly 
dependent upon water temperature, through its influence on 
development, resulting in strong seasonal pulses of subsi-
dies to land in many temperate environments (e.g., Walters 
et  al.  2018; Shipley et  al.  2022). The spawning phenology of 
migratory fishes is also typically linked to water tempera-
ture (Asch et  al.  2019; Nack et  al.  2019; Opdal et  al.  2024). 
Urban aquatic ecosystems can also exhibit altered temporal 
patterns of insect emergence, with emergent insect biomass 
export peaking earlier in urban systems than in forested sys-
tems (Carlson et al. 2016). This is likely due to the profound 
differences in temperature and growing degree day accumu-
lation between urban and rural areas (Brans et al. 2018). For 
instance, stream water temperatures are typically higher in 
areas without the shading effect of riparian canopy cover 

TABLE 1    |    Contaminants that comprise the dark side of resource subsidies, their ecological effects on aquatic taxa and their effects on aquatic-
terrestrial subsidies (see also Kraus 2019; Kraus et al. 2023).

Contaminant Type Contaminant Ecological effect Effect on subsidy

Metals and Metaloids Inorganic mercury 
and metals

Toxic to lower-trophic level 
organisms; do not bioaccumulate

Decrease subsidy 
quantity of lower trophic 

level organisms

Metals and Metaloids Methylmercury 
(MeHg)

Bioaccumulate and biomagnify; 
toxic effects of exposure are 

content dependent and mostly 
occur at higher trophic levels

Decrease subsidy quality 
through increased 

contaminant concentration

Organic pollutant Polychlorinated 
biphenyls (PCBs)

Bioaccumulate in aquatic animals Decrease subsidy quality 
through increased 

contaminant concentration

Organic pollutant Polycyclic 
aromatic 

hydrocarbons 
(PAHs)

Metabolised during metamorphosis 
and biodilute in food webs

Moderately decrease 
subsidy quantity or quality

Organic pollutant Pharmaceuticals 
and personal care 
products (PPCPs)

Can accumulate in aquatic 
animals, but impacts can be 

highly variable by compound

Can decrease subsidy 
quantity and quality, but 

impacts can be highly 
variable by class

Organic pollutant Current-use 
insecticides (e.g., 
neonicotinoids)

Accumulate in aquatic animals 
and reduce metamorphosis

Decrease subsidy quantity 
through decreased 

emergence; decrease 
subsidy quality through 

bioaccumulation in 
those that do emerge

Cyanobacterial toxins (i.e., 
naturally produced within aquatic 
systems)

Cyanobacterial 
toxins

Accumulate in aquatic insects 
and increase mortality

Decrease subsidy quantity 
through decreased 

emergence; decrease 
subsidy quality through 

bioaccumulation in 
those that do emerge
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(e.g., Moore et  al.  2005). Small dams that release surface 
water can also increase stream temperatures (Lessard and 
Hayes 2003; Zaidel et al. 2021), while large dams that release 
deeper water can have a cooling effect on rivers and streams 
(Heggenes et  al.  2021). In addition to temperature, lower 
water levels, which are also occurring as a consequence of cli-
mate change in many aquatic systems, can cue emergence in 
aquatic insects, leading to smaller emerging adults and thus 
a smaller and earlier aquatic-to-terrestrial flux (Harper and 
Peckarsky 2006; Leathers et al. 2024). As aquatic phenology 
shifts, this may translate into changes in the availability of 
high quality aquatic-derived nutrients for riparian consumers 
(Shipley et  al.  2022) and/or result in shifts to lower quality 
terrestrial resources (Deacy et al. 2017). Such shifts as a result 
of changes in phenological synchrony could entail ecosystem-
wide effects such as lower fitness in certain riparian con-
sumers (Twining et al. 2018). They may also lead to reduced 
transport of aquatic nutrients that fertilise terrestrial primary 
producers (e.g., Helfield and Naiman 2001; Deacy et al. 2017).

The overall effects of warming on processes that influence 
aquatic-to-terrestrial subsidies will likely vary across ecosys-
tems. For instance, freshwater systems in the tropics are pre-
dicted to have reduced emergent insect biomass and species 
richness with warming (Nash et  al.  2021), while warming in 
temperate and arctic regions may increase aquatic insect emer-
gence biomass (Hannesdóttir et al. 2012). Climate change is also 
predicted to reduce the strength of seasonal insect emergence 
patterns (Nash et  al.  2023), potentially disrupting terrestrial 
consumers that time their life history events with highly pulsed 
aquatic insect emergence (e.g., Adams et al. 2023). In addition, 
warmer water temperatures can lead to accelerated larval insect 
development, resulting in reduced emergent adult body size and 
female fecundity (e.g., Dallas and Ross-Gillespie 2015; Sweeney 
et al. 2018; Anderson et al. 2019; Bonacina et al. 2023). However, 
the effects that this will have on subsidies may vary with life 
history strategy: multivoltine species that have multiple genera-
tions per year may end up exporting more total aquatic-derived 
biomass over the entire year if warmer temperatures allow them 
to complete more life cycles, whereas univoltine species may ex-
port less biomass by producing one brood of smaller adults (e.g., 
Zeuss et al. 2017). Recent work suggests that having a diverse 
community of emergent species that differ in their responses to 
temperature may help stabilise overall subsidy biomass, but that 
warmer temperatures may still lead to a change in phenology 
and species composition (Leathers et al. 2024). Moreover, as cli-
mate change is predicted to lead to species loss in many ecosys-
tems, biodiversity's buffering potential may be decreasing.

In addition to its effect on aquatic-to-terrestrial subsidy phenol-
ogy and quantity, temperature may alter subsidy quality (e.g., 
LC-PUFA). Higher water temperatures tend to increase the 
dominance of cyanobacteria (e.g., Kosten et  al.  2012), which 
contain little to no LC-PUFA (Galloway and Winder 2015) and 
sterols (Martin-Creuzburg and von Elert  2008) and are thus 
considered poor food quality compared to other phytoplankton. 
Temperatures are also predicted to lower LC-PUFA production 
within individual phytoplankton taxa (Hixson and Arts  2016) 
via homeoviscous adaptation, a process in which the proportion 
of unsaturated fatty acids in cellular membranes is increased 
at lower temperatures in order to maintain vital membrane 

properties. Combined, both mechanisms could have reverber-
ating consequences for the dietary LC-PUFA availability for 
aquatic consumers. As is the case for primary producers, cli-
mate change is already causing shifts in aquatic invertebrate 
community composition as communities shift towards those 
more tolerant of warmer temperatures and/or lower dissolved 
oxygen content (Baranov et al. 2020; Birrell et al. 2020; Khaliq 
et al. 2024), which could lead to changes in the nutritional com-
position of subsidies. Furthermore, within species, ectother-
mic aquatic consumers themselves, including Daphnia (O.F. 
Müller 1776) (e.g., Zeis et  al.  2019) and non-biting midge lar-
vae (Strandberg et al. 2020, 2021), appear to contain lower LC-
PUFA content when grown at higher temperatures, suggesting 
that they may also regulate their fatty acid composition based 
on temperature. Decreased n-3 LC-PUFA content because of 
climate change could make aquatic subsidies less valuable for 
terrestrial consumers.

Climate warming also has the potential to exacerbate the dark 
side of aquatic subsidies through temperature-based effects on 
Hg methylation as well as cyanobacterial growth (see above). 
Specifically, conditions that promote greater bioavailability of 
methylmercury are likely to increase with climate warming. 
Higher temperatures and low oxygen conditions both stimu-
late the microbial activity of methylating anaerobic bacteria, 
such as sulfate reducing bacteria (Parks et  al.  2013; Ullrich 
et  al.  2001). Aquatic ecosystems ranging from streams (e.g., 
Carter et al. 2021) to lakes (e.g., Jane et al. 2021; Jenny et al. 2016; 
Tellier et  al.  2022) are experiencing increasing deoxygenation 
with climate warming. Climate change is also already leading to 
longer periods of lake stratification, promoting earlier and lon-
ger onsets of hypolimnetic oxygen depletion (Jane et al. 2021), 
making low oxygen Hg methylating conditions more prevalent 
across lakes and reservoirs, increasing Hg exposure and accu-
mulation in freshwater food webs. For example, consumers that 
forage in hypoxic environments represent an elevated source of 
MeHg to both fish and birds (Hall, Cobb, et al. 2020; Hall, Woo, 
et  al.  2020; Baldwin et  al.  2022). However, because primary 
productivity changes with hypoxia (e.g., Preece et al. 2019), and 
controls Hg bioaccumulation (e.g., Beutel et  al.  2014; Razavi 
et  al.  2015), there remain many unknowns regarding how 
changing climate will affect Hg exposure from aquatic subsidies 
across organisms and habitats.

4.3   |   Changing Biodiversity

Changes in the abundance and diversity of organisms are oc-
curring across ecosystems, with endemic species declining 
and introduced nuisance species increasing in many areas 
(Sánchez-Bayo and Wyckhuys  2019; van Klink et  al.  2020; 
Dahlin et al. 2021; Jähnig et al. 2021). Land use change, es-
pecially habitat destruction and the release of contaminants 
into the environment, climate change and their interactive 
effects on ecosystems underlie many of these shifts in biodi-
versity (above, Figure 2). Aquatic ecosystems are no exception 
to this pattern and recent work suggests that, globally, fresh-
water biodiversity is declining at a higher rate than terrestrial 
biodiversity (Williams-Subiza and Epele 2021). Such declines 
are concerning because many studies have demonstrated 
the strong links between biodiversity and many beneficial 
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ecosystem functions (e.g., van der Plas 2019), including the 
outsized importance of freshwater biodiversity for key nu-
tritional functions across ecosystems (Shipley et  al.  2024). 
Within the context of subsidies specifically, having multiple 
species or multiple populations of migratory fishes can result 
in greater stability of subsidies via portfolio effects when spe-
cies or populations vary in their life history (e.g., Schindler 
et  al.  2010) and/or functional traits (e.g., nutritional compo-
sition; Twining and Palkovacs  2017; Kurasawa et  al.  2024). 
Such biodiversity-portfolio effects also appear likely to gen-
erate increased temporal stability for other aquatic taxa that 
subsidise terrestrial ecosystems, including emergent aquatic 
insects (Uno and Pneh 2020; Nash et al. 2023).

In addition to richness, the loss or gain of species with distinct 
functional traits may have strong impacts on ecosystem func-
tion across aquatic-terrestrial meta-ecosystems. For example, 
declines of individual species with unique dispersal, migra-
tion and life history traits (Childress and McIntyre 2015; Uno 
and Power  2015) or mass pulsed emergence (e.g., Walters 
et  al.  2018; Stepanian et  al.  2020) can have major impacts 

on ecosystem function. Introduced species also demonstrate 
the strong impacts that individual species with novel func-
tional roles can have on meta-ecosystems (e.g., Peller and 
Altermatt 2024). For example, fish introductions to formerly 
fishless lakes result in dramatic reductions in emerging 
aquatic insects as well as avian insectivores in riparian zones 
(e.g., Epanchin et al. 2010). Such effects can also be indirect: 
introduced fish species that consume most of the subsidised 
terrestrial prey base in streams can force other fish to predate 
more heavily on aquatic insects, thus reducing fluxes of emer-
gent aquatic insects and riparian spider biomass (e.g., Baxter 
et al. 2004; Benjamin et al. 2011).

In addition to altering the benefits of subsidies, changes in 
aquatic biodiversity may also have consequences for their as-
sociated risks (Figure 2c). Research on biodiversity-ecosystem 
function has typically focused on quantifying relationships 
between biodiversity and beneficial functions or ecosystem 
services rather than on understanding how biodiversity might 
influence risks. Aquatic biodiversity could potentially buffer 
terrestrial communities from contaminant transfer because 

BOX 1    |    Research topics for future studies of reciprocal aquatic–terrestrial subsidies under global change.

Spatial and Temporal Variability in Reciprocal Subsidies

Better understanding of spatiotemporal variability in the quantity, quality and phenology of aquatic-to-terrestrial subsidies can 
help close this key knowledge gap (Figure 3a). Our understanding of subsidy dynamics is best in Northern Hemisphere tem-
perate systems and in small streams. Increased spatiotemporal sampling of such subsidies across a greater array of aquatic eco-
systems across geographical regions (e.g., Dézerald et al. 2018) will help us fill key gaps in our current understanding. Working 
across a greater diversity of systems will also improve our understanding of global change impacts, as freshwater systems in 
different geographic regions are facing distinct threats– for instance, while some areas stand to get wetter with more high-flow 
events, other areas are rapidly drying (Trenberth 2011; Arnell and Gosling 2016; McCabe et al. 2023), and while some regions 
have already experienced major impacts from industrialisation and urbanisation and are recovering, many regions are only at 
the onset of industrial and urban development (Haase et al. 2023; Li et al. 2024). Large-scale coordinated aquatic subsidy moni-
toring efforts with common sampling schemes, equipment and units, as is used for monitoring many other ecological variables 
in long-term ecological research, can help with this. Emerging tools, such as AI-based identification to rapidly identify taxa and 
quantify biomass based on photos (e.g., phenopype, Lürig 2022), as well as radar-based monitoring (e.g., Stepanian et al. 2020) 
throughout the hydrological year and during high and low flow events, may enable future researchers to better understand the 
future roles of aquatic subsidies across a diversity of contexts.
Landscape-Scale Influence of Reciprocal Subsidies
Second, we currently lack a full understanding of the importance of aquatic-to-terrestrial subsidies across the landscape and how 
this importance may vary by ecosystem and consumer (Figure 3b). For example, while aquatic-derived energy is most important 
within riparian zones (e.g., Muehlbauer et al. 2014), even small quantities of aquatic-derived nutrients or contaminants may have 
major consequences on food webs further inland. A better understanding of aquatic subsidy dependence and use across a wider 
array of terrestrial animals will help inform management decisions. Taking a macroevolutionary perspective may be particularly 
helpful in making these assessments across taxa. Studies of aquatic subsidy dependence across entire clades of consumers that 
exhibit a wide range of specialisation on aquatic resources will help us understand which taxa are most likely to experience both 
the risks and benefits that aquatic subsidies present at the landscape scale.
Reciprocal Subsidies as an Ecological Resource or Trap in Changing Environments
A final topic for future research is understanding the conditions in which subsidies shift from beneficial resources into ecolog-
ical traps for consumers (Figure 3c). The dual roles of aquatic subsidies have the potential to lead to surface waters becoming 
ecological traps for riparian consumers seeking important nutrients and instead finding them bound with contaminants (e.g., 
Hale and Swearer 2016).
Characterisation and comparison of bioaccumulation across a range of beneficial compounds, which are often internally regu-
lated via rates of synthesis, as well as a diversity of contaminants, which are largely regulated through removal processes like 
excretion or shedding, will also improve our general understanding of such processes (e.g., Kainz et al. 2008; Kraus, Walters, 
et al. 2014). Mechanistic experimental work will also help us understand how contaminants themselves might alter the produc-
tion of beneficial compounds from subsidies (Kolbenschlag et al. 2023; Pietz et al. 2023). Importantly, understanding the context 
in which global change processes are likely to lead to increased production of nutrient-rich subsidies and dilution of contami-
nants, versus when they will lead to increases in harmful metals and organic compounds, can help guide management decisions 
(Schmidt et al. 2013; Kraus 2019; Schulz et al. 2023).
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species and functional groups often vary in their contaminant 
content. For example, Brandt et al.  (2024) found that migra-
tory salmon species varied in their contaminant loads based 
on their life history and trophic level, and the risks and bene-
fits they posed to consumers shifted over time with changes in 
species composition. Overall, the effects of aquatic biodiver-
sity on the ‘dark’ side of subsidies likely vary based on contam-
inant class. Trace metals and other contaminants that cause 
high mortality in aquatic taxa will also likely select for a less 
diverse, more pollution-tolerant community of species with 
the potential to increase contaminants at the per biomass level 
or even overall contaminant fluxes (e.g., Kraus et al. 2022). In 
the case of contaminants that biomagnify with trophic levels, 
such as MeHg, having a more diverse community with more 
trophic levels could result in increased biomagnification and 
thus increased risk as subsidies. In contrast, for those that do 
not appear to magnify, such as microcystins, increased diver-
sity of taxa and trophic levels could act to dilute or buffer such 
risks, especially if contaminants enter food webs through 
specific food resources (i.e., phytoplankton and periphyton 
in the case of microcystins). As biodiversity loss often occurs 
alongside or as a consequence of pollution, further research 
addressing how biodiversity shapes not only the ‘bright’ but 
also the ‘dark’ sides of aquatic subsidies would be useful.

5   |   Conclusions

A growing body of recent research reveals that freshwater 
ecosystems play an outsized role as sources of both nutri-
tionally vital resources and harmful contaminants to a di-
versity of consumers across aquatic to terrestrial food webs. 
Aquatic-based biochemical transformations are responsible 
for shaping subsidies into those that are beneficial as well as 
harmful. Typically, these ‘bright’ and ‘dark’ sides of aquatic-
to-terrestrial subsidies have been studied in isolation, but in 
today's ever-more human-modified landscapes, these risks 
and benefits are likely to be coupled within the same ecosys-
tems (Brandt et al. 2024; Subalusky et al. 2020), complicating 
management decisions (Box 1). Integrative studies that exam-
ine how the bright and dark sides of subsidies vary relative 
to one another and in response to multiple interlinked global 
change stressors (Figure 2)include: (1) quantifying spatiotem-
poral variation in reciprocal subsidies, (2) illuminating the 
full landscape-scale effects of such subsidies and (3) assess-
ing global change effects on the relative risks and benefits of 
subsidies.

Throughout this review, we have illustrated the important and 
complex role that aquatic subsidies can play in terrestrial food 
webs, demonstrating that aquatic ecosystems must be fac-
tored into landscape-scale studies. We have also highlighted 
how the role of surface waters on the landscape in the future 
will become increasingly important and dynamic with global 
change processes, like climate change, land use change and 
biodiversity loss. Artificial boundaries between aquatic and 
terrestrial research have historically limited our understand-
ing of both systems and are an impediment to transformative 
research that accurately reflects the complexity of real inter-
connected ecosystems. Furthermore, divisions between eco-
logical research on resource subsidies and ecotoxicological 

research on contaminants, which have historically been 
funded by different agencies and published in different jour-
nals, have precluded until recently a holistic examination of 
the coupled transport of nutrients and contaminants in many 
cases. Collaborative and integrative research approaches at 
the landscape scale will improve understanding of the nu-
ances of linked ecosystems and the consequences of global 
change (Box 1).

Author Contributions

All authors contributed substantially to writing manuscript drafts, 
C.W.T. and A.L.S. synthesised and edited drafts, and J.R.S. and C.W.T. 
created figures.

Acknowledgements

The authors thank all participants of the ASLO 2023 Session ‘Untangling 
food web and ecosystem effects of reciprocal subsidies’ for their discus-
sions. We also thank multiple anonymous reviewers who provided help-
ful comments that improved this manuscript. Any use of trade, firm, 
or product names is for descriptive purposes only and does not imply 
endorsement by the U.S. Government.

Data Availability Statement

Data sharing not applicable to this article as no new datasets were gen-
erated or analysed during the current study.

References

Adams, M. M., C. V. Baxter, and D. J. Delehanty. 2023. “Emergence 
Phenology of the Giant Salmonfly and Responses by Birds in Idaho 
River Networks.” Frontiers in Ecology and Evolution 11: 143. https://​doi.​
org/​10.​3389/​fevo.​2023.​804143.

Alberts, J. M., and S. M. P. Sullivan. 2016. “Factors Influencing Aquatic-to-
Terrestrial Contaminant Transport to Terrestrial Arthropod Consumers 
in a Multiuse River System.” Environmental Pollution 213: 53–62.

Alberts, J. M., S. M. P. Sullivan, and A. Kautza. 2013. “Riparian Swallows 
as Integrators of Landscape Change in a Multiuse River System: 
Implications for Aquatic-to-Terrestrial Transfers of Contaminants.” 
Science of the Total Environment 463: 42–50.

Allen, D. C., J. Larson, C. A. Murphy, et al. 2024. “Global Patterns of 
Allochthony in Stream–Riparian Meta-Ecosystems.” Ecology Letters 27, 
no. 3: e14401.

Anderson, H. E., L. K. Albertson, and D. M. Walters. 2019. “Water 
Temperature Drives Variability in Salmonfly Abundance, Emergence 
Timing, and Body Size.” River Research and Applications 35, no. 7: 
1013–1022.

Angilletta, M. J., Jr., T. D. Steury, and M. W. Sears. 2004. “Temperature, 
Growth Rate, and Body Size in Ectotherms: Fitting Pieces of a Life-
History Puzzle.” Integrative and Comparative Biology 44, no. 6: 498–509.

Arnell, N. W., and S. N. Gosling. 2016. “The Impacts of Climate Change 
on River Flood Risk at the Global Scale.” Climatic Change 134, no. 3: 
387–401.

Arts, M. T., R. G. Ackman, and B. J. Holub. 2001. “‘Essential Fatty 
Acids’ in Aquatic Ecosystems: A Crucial Link Between Diet and Human 
Health and Evolution.” Canadian Journal of Fisheries and Aquatic 
Sciences 58, no. 1: 122–137.

Asch, R. G., C. A. Stock, and J. L. Sarmiento. 2019. “Climate Change 
Impacts on Mismatches Between Phytoplankton Blooms and Fish 
Spawning Phenology.” Global Change Biology 25, no. 8: 2544–2559.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fevo.2023.804143
https://doi.org/10.3389/fevo.2023.804143


13 of 20

Bakker, E. S., K. A. Wood, J. F. Pagès, et  al. 2016. “Herbivory on 
Freshwater and Marine Macrophytes: A Review and Perspective.” 
Aquatic Botany 135: 18–36.

Baldwin, A. K., C. A. Eagles-Smith, J. J. Willacker, et  al. 2022. “In-
Reservoir Physical Processes Modulate Aqueous and Biological 
Methylmercury Export From a Seasonally Anoxic Reservoir.” 
Environmental Science & Technology 56, no. 19: 13751–13760.

Balistrieri, L. S., C. A. Mebane, and T. S. Schmidt. 2020. “Time-Dependent 
Accumulation of Cd, Co, Cu, Ni, and Zn in Natural Communities of 
Mayfly and Caddisfly Larvae: Metal Sensitivity, Uptake Pathways, and 
Mixture Toxicity.” Science of the Total Environment 732: 139011.

Baranov, V., J. Jourdan, F. Pilotto, R. Wagner, and P. Haase. 2020. 
“Complex and Nonlinear Climate-Driven Changes in Freshwater Insect 
Communities Over 42 Years.” Conservation Biology: The Journal of the 
Society for Conservation Biology 34, no. 5: 1241–1251.

Barmentlo, S. H., M. Schrama, G. R. de Snoo, P. M. van Bodegom, A. 
van Nieuwenhuijzen, and M. G. Vijver. 2021. “Experimental Evidence 
for Neonicotinoid Driven Decline in Aquatic Emerging Insects.” 
Proceedings of the National Academy of Sciences of the United States of 
America 118, no. 44: 118. https://​doi.​org/​10.​1073/​pnas.​21056​92118​.

Bartels, P., J. Cucherousset, K. Steger, P. Eklöv, L. J. Tranvik, and H. 
Hillebrand. 2012. “Reciprocal Subsidies Between Freshwater and 
Terrestrial Ecosystems Structure Consumer Resource Dynamics.” 
Ecology 93, no. 5: 1173–1182.

Bastow, J. L., J. L. Sabo, J. C. Finlay, and M. E. Power. 2002. “A Basal 
Aquatic-Terrestrial Trophic Link in Rivers: Algal Subsidies via Shore-
Dwelling Grasshoppers.” Oecologia 131: 261–268.

Basu, N., and J. Head. 2010. “Mammalian Wildlife as Complementary 
Models in Environmental Neurotoxicology.” Neurotoxicology and 
Teratology 32, no. 1: 114–119.

Baxter, C. V., K. D. Fausch, and W. Carl Saunders. 2005. “Tangled Webs: 
Reciprocal Flows of Invertebrate Prey Link Streams and Riparian 
Zones.” Freshwater Biology 50, no. 2: 201–220.

Baxter, C. V., K. D. Fausch, M. Murakami, and P. L. Chapman. 
2004. “Fish Invasion Restructures Stream and Forest Food Webs by 
Interrupting Reciprocal Prey Subsidies.” Ecology 85, no. 10: 2656–2663.

Beaver, J. R., E. E. Manis, K. A. Loftin, J. L. Graham, A. I. Pollard, and 
R. M. Mitchell. 2014. “Land Use Patterns, Ecoregion, and Microcystin 
Relationships in US Lakes and Reservoirs: A Preliminary Evaluation.” 
Harmful Algae 36: 57–62.

Benjamin, J. R., K. D. Fausch, and C. V. Baxter. 2011. “Species 
Replacement by a Nonnative Salmonid Alters Ecosystem Function by 
Reducing Prey Subsidies That Support Riparian Spiders.” Oecologia 167, 
no. 2: 503–512.

Beutel, M., S. Dent, B. Reed, et al. 2014. “Effects of Hypolimnetic Oxygen 
Addition on Mercury Bioaccumulation in Twin Lakes, Washington, 
USA.” Science of the Total Environment 496: 688–700.

Birrell, J. H., A. A. Shah, S. Hotaling, et  al. 2020. “Insects in High-
Elevation Streams: Life in Extreme Environments Imperiled by Climate 
Change.” Global Change Biology 26, no. 12: 6667–6684.

Bishop, K., J. B. Shanley, A. Riscassi, et  al. 2020. “Recent Advances 
in Understanding and Measurement of Mercury in the Environment: 
Terrestrial hg Cycling.” Science of the Total Environment 721: 137647.

Boddaert, P. 1783. https://​www.​gbif.​org/​speci​es/​2489871.

Bogstie, C., M. Gallant, J. R. Elphick, and C. Kennedy. 2024. “The 
Relationship Between Cellular Protein Content and Selenium 
Accumulation in Freshwater Microalgae.” Integrated Environmental 
Assessment and Management 21: 62–69.

Bonacina, L., F. Fasano, V. Mezzanotte, and R. Fornaroli. 2023. “Effects 
of Water Temperature on Freshwater Macroinvertebrates: A Systematic 

Review.” Biological Reviews of the Cambridge Philosophical Society 98, 
no. 1: 191–221.

Borer, E. T., E. W. Seabloom, J. B. Shurin, et al. 2005. “What Determines 
the Strength of a Trophic Cascade?” Ecology 86, no. 2: 528–537.

Brandt, J. E., J. S. Wesner, G. T. Ruggerone, et al. 2024. “Continental-
Scale Nutrient and Contaminant Delivery by Pacific Salmon.” Nature 
1: 1–8.

Brans, K. I., R. Stoks, and L. De Meester. 2018. “Urbanization Drives 
Genetic Differentiation in Physiology and Structures the Evolution of 
Pace-of-Life Syndromes in the Water Flea Daphnia magna.” Proceedings. 
Biological Sciences/the Royal Society 285, no. 1883: 169. https://​doi.​org/​
10.​1098/​rspb.​2018.​0169.

Burmeister, H. C. C. 1839. “Zweite Halfte. Neuroptera.” In Handbuch 
der Entomologie, vol. 2, Issue 2, 757–1050. Reimer.

Bultman, H., D. Hoekman, J. Dreyer, and C. Gratton. 2014. “Terrestrial 
Deposition of Aquatic Insects Increases Plant Quality for Insect 
Herbivores and Herbivore Density.” Ecological Entomology 39, no. 4: 
419–426.

Bundschuh, M., S. Pietz, A. P. Roodt, and J. M. Kraus. 2022. 
“Contaminant Fluxes Across Ecosystems Mediated by Aquatic Insects.” 
Current Opinion in Insect Science 50: 100885.

Carlisle, D. M., and W. H. Clements. 2003. “Growth and Secondary 
Production of Aquatic Insects Along a Gradient of Zn Contamination in 
Rocky Mountain Streams.” Journal of the North American Benthological 
Society 22, no. 4: 582–597.

Carlson, P. E., B. G. McKie, L. Sandin, and R. K. Johnson. 2016. 
“Strong Land-Use Effects on the Dispersal Patterns of Adult Stream 
Insects: Implications for Transfers of Aquatic Subsidies to Terrestrial 
Consumers.” Freshwater Biology 61, no. 6: 848–861.

Carter, A. M., J. R. Blaszczak, J. B. Heffernan, and E. S. Bernhardt. 2021. 
“Hypoxia Dynamics and Spatial Distribution in a Low Gradient River.” 
Limnology and Oceanography 66, no. 6: 2251–2265.

Cashman, M. J., J. D. Wehr, and K. Truhn. 2013. “Elevated Light 
and Nutrients Alter the Nutritional Quality of Stream Periphyton.” 
Freshwater Biology 58, no. 7: 1447–1457.

Chapman, P. M., W. J. Adams, M. Brooks, et  al. 2010. Ecological 
Assessment of Selenium in the Aquatic Environment. CRC Press.

Chari, L. D., N. B. Richoux, S. Moyo, and M. H. Villet. 2020. “Dietary 
Fatty Acids of Spiders Reveal Spatial and Temporal Variations in 
Aquatic-Terrestrial Linkages.” Food Webs 24: e00152.

Chételat, J., J. T. Ackerman, C. A. Eagles-Smith, and C. E. Hebert. 
2020. “Methylmercury Exposure in Wildlife: A Review of the 
Ecological and Physiological Processes Affecting Contaminant 
Concentrations and Their Interpretation.” Science of the Total 
Environment 711: 135117.

Childress, E. S., and P. B. McIntyre. 2015. “Multiple Nutrient Subsidy 
Pathways From a Spawning Migration of Iteroparous Fish.” Freshwater 
Biology 60, no. 3: 490–499.

Chumchal, M. M., G. B. Beaubien, R. W. Drenner, et al. 2022. “Use of 
Riparian Spiders as Sentinels of Persistent and Bioavailable Chemical 
Contaminants in Aquatic Ecosystems: A Review.” Environmental 
Toxicology and Chemistry 41, no. 3: 499–514.

Chumchal, M. M., and R. W. Drenner. 2015. “An Environmental 
Problem Hidden in Plain Sight? Small Human-Made Ponds, Emergent 
Insects, and Mercury Contamination of Biota in the Great Plains.” 
Environmental Toxicology and Chemistry 34, no. 6: 1197–1205.

Chumchal, M. M., and R. W. Drenner. 2020. “Ecological Factors 
Controlling Insect-Mediated Methyl Mercury Flux From Aquatic to 
Terrestrial Ecosystems: Lessons Learned From Mesocosm and Pond 
Experiments.” Ecological Subsidies: The Land-Water 3: 17–33.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.2105692118
https://www.gbif.org/species/2489871
https://doi.org/10.1098/rspb.2018.0169
https://doi.org/10.1098/rspb.2018.0169


14 of 20 Ecology Letters, 2025

Cianci-Gaskill, J. A., K. K. Knott, R. O'Hearn, et al. 2022. “Microcystin 
Accumulation in Sportfish From an Agricultural Reservoir Differs 
Among Feeding Guild, Tissue Type, and Time of Sampling.” Aquatic 
Toxicology 250: 106242.

Czarnecka, M., J. Kobak, M. Grubisic, and T. Kakareko. 2021. “Disruptive 
Effect of Artificial Light at Night on Leaf Litter Consumption, Growth 
and Activity of Freshwater Shredders.” Science of the Total Environment 
786: 147407.

Dahlin, K. M., P. L. Zarnetske, Q. D. Read, et al. 2021. “Linking Terrestrial 
and Aquatic Biodiversity to Ecosystem Function Across Scales, Trophic 
Levels, and Realms.” Frontiers of Environmental Science & Engineering 
in China 9: 2401. https://​doi.​org/​10.​3389/​fenvs.​2021.​692401.

Dallas, H. F., and V. Ross-Gillespie. 2015. “Review: Sublethal Effects 
of Temperature on Freshwater Organisms, With Special Reference to 
Aquatic Insects.” Water SA 41, no. 5: 712–726.

Deacy, W. W., J. B. Armstrong, W. B. Leacock, et al. 2017. “Phenological 
Synchronization Disrupts Trophic Interactions Between Kodiak Brown 
Bears and Salmon.” Proceedings of the National Academy of Sciences 
114, no. 39: 10432–10437.

Dézerald, O., C. Leroy, B. Corbara, A. Dejean, S. Talaga, and R. 
Céréghino. 2018. “Tank Bromeliads Sustain High Secondary Production 
in Neotropical Forests.” Aquatic Sciences 80, no. 2: 14.

Drenner, R. W., M. M. Chumchal, K. J. Adams, and R. D. Seymour. 2022. 
“Effect of Land Cover on Ecoregion-Scale Spatial Patterns of Mercury 
Contamination of Largemouth Bass in the Southeastern United States.” 
Environmental Toxicology and Chemistry 41, no. 10: 2386–2394.

Drenner, R. W., M. M. Chumchal, C. M. Jones, C. M. B. Lehmann, D. 
A. Gay, and D. I. Donato. 2013. “Effects of Mercury Deposition and 
Coniferous Forests on the Mercury Contamination of Fish in the South 
Central United States.” Environmental Science & Technology 47, no. 3: 
1274–1279.

Dreyer, J., P. A. Townsend, J. C. Hook 3rd, D. Hoekman, M. J. Vander 
Zanden, and C. Gratton. 2015. “Quantifying Aquatic Insect Deposition 
From Lake to Land.” Ecology 96, no. 2: 499–509.

Dwyer, G. K., R. J. Stoffels, and G. N. Rees. 2018. “A Predicted Change 
in the Amino Acid Landscapes Available to Freshwater Carnivores.” 
Freshwater 37, no. 1: 108–120.

Edwards, E. D., and A. D. Huryn. 1995. “Annual Contribution of 
Terrestrial Invertebrates to a New Zealand Trout Stream.” New Zealand 
Journal of Marine and Freshwater Research 29, no. 4: 467–477.

Elser, J. J., W. F. Fagan, R. F. Denno, et  al. 2000. “Nutritional 
Constraints in Terrestrial and Freshwater Food Webs.” Nature 408, no. 
6812: 578–580.

Elser, J. J., R. W. Sterner, E. Gorokhova, et  al. 2000. “Biological 
Stoichiometry From Genes to Ecosystems.” Ecology Letters 3, no. 6: 
540–550. https://​doi.​org/​10.​1046/j.​1461-​0248.​2000.​00185.​x.

Eng, M. L., B. J. M. Stutchbury, and C. A. Morrissey. 2017. “Imidacloprid 
and Chlorpyrifos Insecticides Impair Migratory Ability in a Seed-Eating 
Songbird.” Scientific Reports 7, no. 1: 15176.

Eng, M. L., B. J. M. Stutchbury, and C. A. Morrissey. 2019. “A 
Neonicotinoid Insecticide Reduces Fueling and Delays Migration in 
Songbirds.” Science 365, no. 6458: 1177–1180.

Epanchin, P. N., R. A. Knapp, and S. P. Lawler. 2010. “Nonnative Trout 
Impact an Alpine-Nesting Bird by Altering Aquatic-Insect Subsidies.” 
Ecology 91, no. 8: 2406–2415.

Erasmus, A., Y. Ikenaka, S. M. M. Nakayama, M. Ishizuka, N. J. Smit, 
and V. Wepener. 2020. “Trophic Transfer of Pollutants Within Two 
Intertidal Rocky Shore Ecosystems in Different Biogeographic Regions 
of South Africa.” Marine Pollution Bulletin 157: 111309.

Erickson, R. J., D. R. Mount, T. L. Highland, et al. 2019. “The Effects of 
Arsenic Speciation on Accumulation and Toxicity of Dietborne Arsenic 
Exposures to Rainbow Trout.” Aquatic Toxicology 210: 227–241.

Eriksson, C. E., D. L. Z. Kantek, S. S. Miyazaki, et al. 2021. “Extensive 
Aquatic Subsidies Lead to Territorial Breakdown and High Density of 
an Apex Predator.” Ecology 3: e03543.

Fadel, A., F. Guerrieri, and S. Pincebourde. 2023. “The Functional 
Relationship Between Aquatic Insects and Cyanobacteria: A Systematic 
Literature Review Reveals Major Knowledge Gaps.” Total Environment 
Research Themes 8: 100078.

Fehlinger, L., M. Mathieu-Resuge, M. Pilecky, and T. P. Parmar. 
2022. “Export of Dietary Lipids via Emergent Insects From Eutrophic 
Fishponds.” Hydrobiologia 850, no. 15: 3241–3256.

Ferrão-Filho, A., and B. Kozlowsky-Suzuki. 2011. “Cyanotoxins: 
Bioaccumulation and Effects on Aquatic Animals.” Marine Drugs 9, no. 
12: 2729–2772.

Fisher, S. G., and G. E. Likens. 1973. “Energy Flow in Bear Brook, 
New Hampshire: An Integrative Approach to Stream Ecosystem 
Metabolism.” Ecological Monographs 43, no. 4: 421–439.

Fleeger, J. W., K. R. Carman, and R. M. Nisbet. 2003. “Indirect Effects of 
Contaminants in Aquatic Ecosystems.” Science of the Total Environment 
317, no. 1–3: 207–233.

Frainer, A., and B. G. McKie. 2015. “Chapter Seven—Shifts in the 
Diversity and Composition of Consumer Traits Constrain the Effects of 
Land Use on Stream Ecosystem Functioning.” In Advances in Ecological 
Research, edited by S. Pawar, G. Woodward, and A. I. Dell, vol. 52, 169–
200. Academic Press.

Fritz, K. A., L. J. Kirschman, and S. D. McCay. 2017. “Subsidies of 
Essential Nutrients From Aquatic Environments Correlate With 
Immune Function in Terrestrial Consumers.” Freshwater Biology 36, 
no. 4: 893–900.

Fritz, K. A., M. R. Whiles, and J. T. Trushenski. 2019. “Subsidies of 
Long-Chain Polyunsaturated Fatty Acids From Aquatic to Terrestrial 
Environments via Amphibian Emergence.” Freshwater Biology 64, no. 
5: 832–842.

Fu, Q., C. Meyer, M. Patrick, et  al. 2022. “Comprehensive Screening 
of Polar Emerging Organic Contaminants Including PFASs and 
Evaluation of the Trophic Transfer Behavior in a Freshwater Food 
Web.” Water Research 218: 118514.

Galloway, A. W. E., and M. Winder. 2015. “Partitioning the Relative 
Importance of Phylogeny and Environmental Conditions on 
Phytoplankton Fatty Acids.” PLoS One 10, no. 6: e0130053.

Gende, S. M., R. T. Edwards, M. F. Willson, and M. S. Wipfli. 2002. 
“Pacific Salmon in Aquatic and Terrestrial EcosystemsPacific Salmon 
Subsidize Freshwater and Terrestrial Ecosystems Through Several 
Pathways, Which Generates Unique Management and Conservation 
Issues but Also Provides Valuable Research Opportunities.” Bioscience 
52, no. 10: 917–928.

Gende, S. M., T. P. Quinn, M. F. Willson, R. Heintz, and T. M. Scott. 
2004. “Magnitude and Fate of Salmon-Derived Nutrients and Energy in 
a Coastal Stream Ecosystem.” Journal of Freshwater Ecology 19, no. 1: 
149–160.

Gerber, R., C. Piscart, J.-M. Roussel, et al. 2023. “Landscape Models Can 
Predict the Distribution of Aquatic Insects Across Agricultural Areas.” 
Landscape Ecology 38, no. 11: 2917–2929. https://​doi.​org/​10.​1007/​s1098​
0-​023-​01761​-​4.

Gerig, B. S., D. T. Chaloner, and D. J. Janetski. 2018. “Environmental 
Context and Contaminant Biotransport by Pacific Salmon Interact to 
Mediate the Bioaccumulation of Contaminants by Stream-Resident 
Fish.” Journal of Applied Sciences 1: 13123.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fenvs.2021.692401
https://doi.org/10.1046/j.1461-0248.2000.00185.x
https://doi.org/10.1007/s10980-023-01761-4
https://doi.org/10.1007/s10980-023-01761-4


15 of 20

Gilmour, C. C., D. A. Elias, A. M. Kucken, et  al. 2011. “Sulfate-
Reducing Bacterium Desulfovibrio desulfuricans ND132 as a Model 
for Understanding Bacterial Mercury Methylation.” Applied and 
Environmental Microbiology 77, no. 12: 3938–3951.

Gilmour, C. C., M. Podar, A. L. Bullock, et  al. 2013. “Mercury 
Methylation by Novel Microorganisms From New Environments.” 
Environmental Science & Technology 47, no. 20: 11810–11820.

Gladyshev, M. I., M. T. Arts, and N. N. Sushchik. 2009. “Preliminary 
Estimates of the Export of Omega-3 Highly Unsaturated Fatty Acids 
(EPA+DHA) From Aquatic to Terrestrial Ecosystems.” In Lipids in 
Aquatic Ecosystems, 179–210. Springer.

Glidewell, D., J. E. Beyer, and K. D. Hambright. 2024. “Microcystins 
Bioaccumulate but Do Not Biomagnify in an Experimental Aquatic 
Food Chain.” Harmful Algae 141: 102768.

Gounand, I., C. J. Little, E. Harvey, and F. Altermatt. 2018. “Cross-
Ecosystem Carbon Flows Connecting Ecosystems Worldwide.” Nature 
Communications 9, no. 1: 4825.

Gratton, C., and M. J. Vander Zanden. 2009. “Flux of Aquatic Insect 
Productivity to Land: Comparison of Lentic and Lotic Ecosystems.” 
Ecology 90, no. 10: 2689–2699.

Guo, F., S. E. Bunn, M. T. Brett, and M. J. Kainz. 2017. “Polyunsaturated 
Fatty Acids in Stream Food Webs—High Dissimilarity Among 
Producers and Consumers.” Freshwater Biology 62, no. 8: 1325–1334.

Guo, F., N. Ebm, S. E. Bunn, M. T. Brett, H. Hager, and M. J. Kainz. 
2021. “Longitudinal Variation in the Nutritional Quality of Basal Food 
Sources and Its Effect on Invertebrates and Fish in Subalpine Rivers.” 
Journal of Animal Ecology 90, no. 11: 2678–2691. https://​doi.​org/​10.​
1111/​1365-​2656.​13574​.

Guo, F., M. J. Kainz, F. Sheldon, and S. E. Bunn. 2015. “Spatial Variation 
in Periphyton Fatty Acid Composition in Subtropical Streams.” 
Freshwater Biology 60, no. 7: 1411–1422.

Haase, P., D. E. Bowler, N. J. Baker, et  al. 2023. “The Recovery of 
European Freshwater Biodiversity Has Come to a Halt.” Nature 620, no. 
7974: 582–588.

Häder, D.-P., and P. W. Barnes. 2019. “Comparing the Impacts of Climate 
Change on the Responses and Linkages Between Terrestrial and 
Aquatic Ecosystems.” Science of the Total Environment 682: 239–246.

Hagen, E. M., and J. L. Sabo. 2011. “A Landscape Perspective on Bat 
Foraging Ecology Along Rivers: Does Channel Confinement and Insect 
Availability Influence the Response of Bats to Aquatic Resources in 
Riverine Landscapes?” Oecologia 166, no. 3: 751–760.

Hale, R., and S. E. Swearer. 2016. “Ecological Traps: Current Evidence 
and Future Directions.” Proceedings of the Royal Society B: Biological 
Sciences 283, no. 1824: 20152647.

Hall, B. D., T. P. Cobb, M. D. Graham, et al. 2020. “Mercury Elevator in 
Lakes: A Novel Vector of Methylmercury Transfer to Fish via Migratory 
Invertebrates.” Environmental Science & Technology Letters 7, no. 8: 
579–584.

Hall, L. A., I. Woo, M. Marvin-DiPasquale, et al. 2020. “Disentangling 
the Effects of Habitat Biogeochemistry, Food Web Structure, and 
Diet Composition on Mercury Bioaccumulation in a Wetland Bird.” 
Environmental Pollution 256: 113280.

Hallinger, K. K., K. L. Cornell, R. L. Brasso, and D. A. Cristol. 2011. 
“Mercury Exposure and Survival in Free-Living Tree Swallows 
(Tachycineta bicolor).” Ecotoxicology 20, no. 1: 39–46.

Hannesdóttir, E. R., G. M. Gíslason, and J. S. Ólafsson. 2012. “Life 
Cycles of Eukiefferiella claripennis (Lundbeck 1898) and Eukiefferiella 
Minor (Edwards 1929) (Diptera: Chironomidae) in Spring-Fed Streams 
of Different Temperatures With Reference to Climate Change.” Fauna 
Norvegica 31: 35–37.

Harper, M. P., and B. L. Peckarsky. 2006. “Emergence Cues of a Mayfly 
in a High-Altitude Stream Ecosystem: Potential Response to Climate 
Change.” Ecological Applications: A Publication of the Ecological Society 
of America 16, no. 2: 612–621.

Harvey, E., J. N. Marleau, I. Gounand, et  al. 2023. “A General Meta-
Ecosystem Model to Predict Ecosystem Functions at Landscape 
Extents.” Ecography 2023, no. 11: e06790. https://​doi.​org/​10.​1111/​ecog.​
06790​.

Heggenes, J., M. Stickler, K. Alfredsen, J. E. Brittain, A. Adeva-
Bustos, and A. Huusko. 2021. “Hydropower-Driven Thermal Changes, 
Biological Responses and Mitigating Measures in Northern River 
Systems.” River Research and Applications 37, no. 5: 743–765.

Helfield, J. M., and R. J. Naiman. 2001. “Effects of Salmon-Derived 
Nitrogen on Riparian Forest Growth and Implications for Stream 
Productivity.” Ecology 82, no. 9: 2403–2409.

Henschel, J. R., D. Mahsberg, and H. Stumpf. 2001. “Allochthonous 
Aquatic Insects Increase Predation and Decrease Herbivory in River 
Shore Food Webs.” Oikos 93, no. 3: 429–438.

Herman, P., M. Fehér, Á. Molnár, et  al. 2021. “Iron and Manganese 
Retention of Juvenile Zebrafish (Danio rerio) Exposed to Contaminated 
Dietary Zooplankton (Daphnia pulex)—a Model Experiment.” 
Biological Trace Element Research 199, no. 2: 732–743.

Hirt, M. R., D. M. Evans, C. R. Miller, and R. Ryser. 2023. “Light 
Pollution in Complex Ecological Systems.” Philosophical Transactions 
of the Royal Society of London. Series B, Biological Sciences 378, no. 1892: 
20220351.

Hixson, S. M., and M. T. Arts. 2016. “Climate Warming Is Predicted to 
Reduce Omega-3, Long-Chain, Polyunsaturated Fatty Acid Production 
in Phytoplankton.” Global Change Biology 22, no. 8: 2744–2755.

Hixson, S. M., B. Sharma, M. J. Kainz, A. Wacker, and M. T. Arts. 2015. 
“Production, Distribution, and Abundance of Long-Chain Omega-3 
Polyunsaturated Fatty Acids: A Fundamental Dichotomy Between 
Freshwater and Terrestrial Ecosystems.” Environmental Reviews 23: 
414–424. https://​doi.​org/​10.​1139/​er-​2015-​0029.

Iwata, T., S. Nakano, and M. Murakami. 2003. “Stream Meanders 
Increase Insectivorous Bird Abundance in Riparian Deciduous Forests.” 
Ecography 26, no. 3: 325–337.

Jähnig, S. C., V. Baranov, F. Altermatt, et al. 2021. “Revisiting Global 
Trends in Freshwater Insect Biodiversity. WIREs.” Watermark 8, no. 2: 
1506. https://​doi.​org/​10.​1002/​wat2.​1506.

Jane, S. F., G. J. A. Hansen, B. M. Kraemer, et al. 2021. “Widespread 
Deoxygenation of Temperate Lakes.” Nature 594, no. 7861: 66–70.

Jenny, J.-P., P. Francus, A. Normandeau, et al. 2016. “Global Spread of 
Hypoxia in Freshwater Ecosystems During the Last Three Centuries Is 
Caused by Rising Local Human Pressure.” Global Change Biology 22, 
no. 4: 1481–1489.

Jentsch, A., and P. White. 2019. “A Theory of Pulse Dynamics and 
Disturbance in Ecology.” Ecology 100, no. 7: e02734.

Jin, S., S. Cao, R. Li, H. Gao, and G. Na. 2023. “Trophic Transfer of 
Polycyclic Aromatic Hydrocarbons Through the Food Web of the Fildes 
Peninsula, Antarctica.” Environmental Science and Pollution Research 
International 30, no. 19: 55057–55066.

Junk, W. J., P. B. Bayley, and R. E. Sparks. 1989. “The Flood Pulse 
Concept in River-Floodplain Systems.” Canadian Special Publication 
of Fisheries and Aquatic Sciences/Publication Speciale Canadienne des 
Sciences Halieutiques et Aquatiques 106, no. 1: 110–127.

Kainz, M., M. T. Arts, and A. Mazumder. 2008. “Essential Versus 
Potentially Toxic Dietary Substances: A Seasonal Comparison of 
Essential Fatty Acids and Methyl Mercury Concentrations in the 
Planktonic Food Web.” Environmental Pollution 155, no. 2: 262–270.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/1365-2656.13574
https://doi.org/10.1111/1365-2656.13574
https://doi.org/10.1111/ecog.06790
https://doi.org/10.1111/ecog.06790
https://doi.org/10.1139/er-2015-0029
https://doi.org/10.1002/wat2.1506


16 of 20 Ecology Letters, 2025

Kakouei, K., B. M. Kraemer, O. Anneville, et al. 2021. “Phytoplankton 
and Cyanobacteria Abundances in Mid-21st Century Lakes Depend 
Strongly on Future Land Use and Climate Projections.” Global Change 
Biology 27, no. 24: 6409–6422.

Kautza, A., and S. M. P. Sullivan. 2015. “Shifts in Reciprocal River-
Riparian Arthropod Fluxes Along an Urban-Rural Landscape 
Gradient.” Freshwater Biology 60, no. 10: 2156–2168.

Kautza, A., and S. M. P. Sullivan. 2016. “The Energetic Contributions 
of Aquatic Primary Producers to Terrestrial Food Webs in a Mid-Size 
River System.” Ecology 97, no. 3: 694–705.

Kelly, B. C., and F. A. P. C. Gobas. 2003. “An Arctic Terrestrial Food-
Chain Bioaccumulation Model for Persistent Organic Pollutants.” 
Environmental Science & Technology 37, no. 13: 2966–2974.

Kelly, B. C., M. G. Ikonomou, J. D. Blair, and F. A. P. C. Gobas. 2008. 
“Bioaccumulation Behaviour of Polybrominated Diphenyl Ethers 
(PBDEs) in a Canadian Arctic Marine Food Web.” Science of the Total 
Environment 401, no. 1–3: 60–72.

Khaliq, I., C. Rixen, F. Zellweger, et  al. 2024. “Warming Underpins 
Community Turnover in Temperate Freshwater and Terrestrial 
Communities.” Nature Communications 15, no. 1: 1921.

Kirschman, L. J., K. A. Fritz, H. M. Reish, et  al. 2024. “Subsidies of 
Long-Chain Polyunsaturated Fatty Acids, Not Energy Subsidies, 
Strengthen Immune Responses in a Terrestrial Predator.” Freshwater 
Science 43, no. 3: 250–260.

Kolbenschlag, S., E. Bollinger, V. Gerstle, and C. A. Brühl. 2023. “Impact 
Across Ecosystem Boundaries–Does Bti Application Change Quality 
and Composition of the Diet of Riparian Spiders?” Science of the Total 
Environment 873: 2351.

Kosten, S., V. L. M. Huszar, E. Bécares, et al. 2012. “Warmer Climates 
Boost Cyanobacterial Dominance in Shallow Lakes.” Global Change 
Biology 18, no. 1: 118–126.

Koussoroplis, A.-M., C. Lemarchand, A. Bec, et al. 2008. “From Aquatic 
to Terrestrial Food Webs: Decrease of the Docosahexaenoic Acid/
Linoleic Acid Ratio.” Lipids 43, no. 5: 461–466.

Kowarik, C., D. Martin-Creuzburg, K. L. Mathers, C. Weber, and C. 
T. Robinson. 2023. “Stream Degradation Affects Aquatic Resource 
Subsidies to Riparian Ground-Dwelling Spiders.” Science of the Total 
Environment 855: 158658.

Kowarik, C., D. Martin-Creuzburg, and C. T. Robinson. 2021. “Cross-
Ecosystem Linkages: Transfer of Polyunsaturated Fatty Acids From 
Streams to Riparian Spiders via Emergent Insects.” Frontiers in Ecology 
and Evolution 9: 7570. https://​doi.​org/​10.​3389/​fevo.​2021.​707570.

Kraus, J. M. 2019. “Contaminants in Linked Aquatic–Terrestrial 
Ecosystems: Predicting Effects of Aquatic Pollution on Adult Aquatic 
Insects and Terrestrial Insectivores.” Freshwater Science 38, no. 4: 
919–927.

Kraus, J. M., J. M. Holloway, M. J. Pribil, et al. 2022. “Increased Mercury 
and Reduced Insect Diversity in Linked Stream-Riparian Food Webs 
Downstream of a Historical Mercury Mine.” Environmental Toxicology 
and Chemistry/SETAC 41, no. 7: 1696–1710.

Kraus, J. M., T. S. Schmidt, and D. M. Walters. 2014. “Cross-Ecosystem 
Impacts of Stream Pollution Reduce Resource and Contaminant Flux to 
Riparian Food Webs.” Ecological Applications 24, no. 2: 235–243.

Kraus, J. M., K. Skrabis, S. Ciparis, J. Isanhart, A. Kenney, and J. E. 
Hinck. 2023. “Ecological Harm and Economic Damages of Chemical 
Contamination to Linked Aquatic-Terrestrial Food Webs: A Study-
Design Tool for Practitioners.” Environmental Toxicology and Chemistry 
42, no. 9: 2029–2039.

Kraus, J. M., D. M. Walters, J. S. Wesner, C. A. Stricker, T. S. Schmidt, and 
R. E. Zuellig. 2014. “Metamorphosis Alters Contaminants and Chemical 
Tracers in Insects: Implications for Food Webs.” Environmental Science 
& Technology 48, no. 18: 10957–10965.

Kraus, J. M., J. Wesner, and D. M. Walters. 2020. “Synthesis: A 
Framework for Predicting the Dark Side of Ecological Subsidies.” 
Contaminants and Ecological 4: 343–372.

Krell, B., N. Röder, M. Link, R. Gergs, M. H. Entling, and R. B. Schäfer. 
2015. “Aquatic Prey Subsidies to Riparian Spiders in a Stream With 
Different Land Use Types.” Limnologica 51: 1–7.

Kurasawa, A., Y. Onishi, K. Koba, K. Fukushima, and H. Uno. 2024. 
“Sequential Migrations of Diverse Fish Community Provide Seasonally 
Prolonged and Stable Nutrient Inputs to a River.” Science Advances 10, 
no. 43: eadq0945.

Larsen, S., J. D. Muehlbauer, and E. Marti. 2016. “Resource Subsidies 
Between Stream and Terrestrial Ecosystems Under Global Change.” 
Global Change Biology 22, no. 7: 2489–2504.

Larson, J. H., W. B. Richardson, B. C. Knights, et al. 2013. “Fatty Acid 
Composition at the Base of Aquatic Food Webs Is Influenced by Habitat 
Type and Watershed Land Use.” PLoS One 8, no. 8: e70666.

Lavoie, R. A., T. D. Jardine, M. M. Chumchal, K. A. Kidd, and L. M. 
Campbell. 2013. “Biomagnification of Mercury in Aquatic Food Webs: 
A Worldwide meta-Analysis.” Environmental Science & Technology 47, 
no. 23: 13385–13394.

Leathers, K., D. Herbst, G. de Mendoza, G. Doerschlag, and A. Ruhi. 
2024. “Climate Change Is Poised to Alter Mountain Stream Ecosystem 
Processes via Organismal Phenological Shifts.” Proceedings of the 
National Academy of Sciences of the United States of America 121, no. 
14: e2310513121.

Leroux, S. J., and M. Loreau. 2008. “Subsidy Hypothesis and Strength 
of Trophic Cascades Across Ecosystems.” Ecology Letters 11, no. 11: 
1147–1156.

Lessard, J. L., and D. B. Hayes. 2003. “Effects of Elevated Water 
Temperature on Fish and Macroinvertebrate Communities Below Small 
Dams.” River Research and Applications 19, no. 7: 721–732.

Li, L., J. L. A. Knapp, A. Lintern, et  al. 2024. “River Water Quality 
Shaped by Land–River Connectivity in a Changing Climate.” Nature 
Climate Change 14, no. 3: 225–237.

Liarte, S., N. Ubero-Pascal, A. García-Ayala, and M.-Á. Puig. 2014. 
“Histological Effects and Localization of Dissolved Microcystins 
LR and LW in the Mayfly Ecdyonurus Angelieri Thomas (Insecta, 
Ephemeroptera).” Toxicon: Official Journal of the International Society 
on Toxinology 92: 31–35.

Lichtenstein, A. A. H. 1800. “Beschreibung eines neu entdeckten 
Wasserinsekts.” Archiv für Zoologie und Zootomie 1, no. 1: 168–175.

Likens, G. E., and F. H. Bormann. 1974. “Linkages Between Terrestrial 
and Aquatic Ecosystems.” Bioscience 24, no. 8: 447–456.

Little, C. J., M. Rizzuto, T. M. Luhring, et  al. 2022. “Movement With 
Meaning: Integrating Information Into meta-Ecology.” Oikos 2022, no. 
8: 892. https://​doi.​org/​10.​1111/​oik.​08892​.

Liu, Y., X.-J. Luo, L.-Q. Huang, L.-H. Yu, and B.-X. Mai. 2018. 
“Bioaccumulation of Persistent Halogenated Organic Pollutants in 
Insects: Common Alterations to the Pollutant Pattern for Different 
Insects During Metamorphosis.” Environmental Science & Technology 
52, no. 9: 5145–5153.

Liu, Y.-E., X.-J. Luo, Y. Liu, Y.-H. Zeng, and B.-X. Mai. 2021. 
“Bioaccumulation of Legacy and Emerging Organophosphorus Flame 
Retardants and Plasticizers in Insects During Metamorphosis.” Journal 
of Hazardous Materials 406: 124688.

Lopez, J. W., T. B. Parr, D. C. Allen, and C. C. Vaughn. 2020. “Animal 
Aggregations Promote Emergent Aquatic Plant Production at the 
Aquatic-Terrestrial Interface.” Ecology 101, no. 10: e03126.

Lürig, M. D. 2022. “Phenopype: A Phenotyping Pipeline for Python.” 
Methods in Ecology and Evolution/British Ecological Society 13, no. 3: 
569–576.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fevo.2021.707570
https://doi.org/10.1111/oik.08892


17 of 20

Manfrin, A., G. Singer, S. Larsen, et al. 2017. “Artificial Light at Night 
Affects Organism Flux Across Ecosystem Boundaries and Drives 
Community Structure in the Recipient Ecosystem.” Frontiers of 
Environmental Science & Engineering in China 5: 61. https://​doi.​org/​10.​
3389/​fenvs.​2017.​00061​.

Manning, D. W. P., and S. M. P. Sullivan. 2021. “Conservation Across 
Aquatic-Terrestrial Boundaries: Linking Continental-Scale Water 
Quality to Emergent Aquatic Insects and Declining Aerial Insectivorous 
Birds.” Frontiers in Ecology and Evolution 9: 68.

Marcarelli, A. M., C. V. Baxter, M. M. Mineau, and R. O. Hall Jr. 2011. 
“Quantity and Quality: Unifying Food Web and Ecosystem Perspectives 
on the Role of Resource Subsidies in Freshwaters.” Ecology 92, no. 6: 
1215–1225.

Marleau, J. N., T. Peller, F. Guichard, and A. Gonzalez. 2020. 
“Converting Ecological Currencies: Energy, Material, and Information 
Flows.” Trends in Ecology & Evolution 35, no. 12: 1068–1077.

Martin-Creuzburg, D., C. Kowarik, and D. Straile. 2017. “Cross-
Ecosystem Fluxes: Export of Polyunsaturated Fatty Acids From Aquatic 
to Terrestrial Ecosystems via Emerging Insects.” Science of the Total 
Environment 577: 174–182.

Martin-Creuzburg, D., and E. von Elert. 2008. “Nutritional Constraints 
at the cyanobacteria—Daphnia magna Interface: The Role of Sterols.” 
Limnology 53: 456–468.

Mason, C. F., and S. M. MacDonald. 1982. “The Input of Terrestrial 
Invertebrates From Tree Canopies to a Stream.” Freshwater Biology 12, 
no. 4: 305–311.

Mathews, T., and N. S. Fisher. 2008. “Evaluating the Trophic Transfer of 
Cadmium, Polonium, and Methylmercury in an Estuarine Food Chain.” 
Environmental Toxicology and Chemistry/SETAC 27, no. 5: 1093–1101.

Mathieu-Resuge, M., D. Martin-Creuzburg, C. W. Twining, T. P. Parmar, 
H. H. Hager, and M. J. Kainz. 2021. “Taxonomic Composition and 
Lake Bathymetry Influence Fatty Acid Export via Emergent Insects.” 
Freshwater Biology 66, no. 12: 2199–2209.

Mathieu-Resuge, M., M. Pilecky, C. W. Twining, et  al. 2022. “Dietary 
Availability Determines Metabolic Conversion of Long-Chain 
Polyunsaturated Fatty Acids in Spiders: A Dual Compound-Specific 
Stable Isotope Approach.” Oikos 2022, no. 7: 8513. https://​doi.​org/​10.​
1111/​oik.​08513​.

McCabe, G. J., D. M. Wolock, M. Lombard, et al. 2023. “A Hydrologic 
Perspective of Major U.S. Droughts.” International Journal of 
Climatology 43, no. 3: 1234–1250.

McKie, B. G., L. Sandin, P. E. Carlson, and R. K. Johnson. 2018. “Species 
Traits Reveal Effects of Land Use, Season and Habitat on the Potential 
Subsidy of Stream Invertebrates to Terrestrial Food Webs.” Aquatic 
Sciences 80, no. 2: 15.

Mebane, C. A., T. S. Schmidt, J. L. Miller, and L. S. Balistrieri. 2020. 
“Bioaccumulation and Toxicity of Cadmium, Copper, Nickel, and Zinc 
and Their Mixtures to Aquatic Insect Communities.” Environmental 
Toxicology and Chemistry/SETAC 39, no. 4: 812–833.

Meigen, J. W. 1803. “Versuch einer neuen GattungsEintheilung der 
europäischen zweiflügligen Insekten.” Magazin für Insektenkunde 2: 
259–281.

Merna, J. W. 1986. “Contamination of Stream Fishes With Chlorinated 
Hydrocarbons From Eggs of Great Lakes Salmon.” Transactions of the 
American Fisheries Society 115, no. 1: 69–74.

Meyer, L. A., and S. M. P. Sullivan. 2013. “Bright Lights, Big City: 
Influences of Ecological Light Pollution on Reciprocal Stream-Riparian 
Invertebrate Fluxes.” Ecological Applications: A Publication of the 
Ecological Society of America 23, no. 6: 1322–1330.

Miller, J. L., T. S. Schmidt, P. C. Van Metre, et  al. 2020. “Common 
Insecticide Disrupts Aquatic Communities: A Mesocosm-to-Field 

Ecological Risk Assessment of Fipronil and Its Degradates in US 
Streams.” Science Advances 6, no. 43: eabc1299.

Moore, D. R., D. L. Spittlehouse, and A. Story. 2005. “Riparian 
Microclimate and Stream Temperature Response to Forest Harvesting: 
A Review 1.” JAWRA Journal of the American Water Resources 
Association 41, no. 4: 813–834.

Morrissey, C. A., I. L. Pollet, S. J. Ormerod, and J. E. Elliott. 2012. 
“American Dippers Indicate Contaminant Biotransport by Pacific 
Salmon.” Environmental Science & Technology 46, no. 2: 1153–1162.

Moy, N. J., J. Dodson, S. J. Tassone, P. A. Bukaveckas, and L. P. 
Bulluck. 2016. “Biotransport of Algal Toxins to Riparian Food Webs.” 
Environmental Science & Technology 50, no. 18: 10007–10014.

Moyo, S., L. D. Chari, M. H. Villet, and N. B. Richoux. 2017. “Decoupled 
Reciprocal Subsidies of Biomass and Fatty Acids in Fluxes of 
Invertebrates Between a Temperate River and the Adjacent Land.” 
Aquatic Sciences 79: 689–703.

Moyo, S., and N. B. Richoux. 2022. “Cross Boundary Fluxes: Basal 
Resource Use by Aquatic Invertebrates Matches Fatty Acid Transfers 
From River to Land.” Limnologica 97: 126035.

Muehlbauer, J. D., S. F. Collins, M. W. Doyle, and K. Tockner. 2014. “How 
Wide Is a Stream? Spatial Extent of the Potential ‘Stream Signature’ in 
Terrestrial Food Webs Using meta-Analysis.” Ecology 95, no. 1: 44–55.

Müller, O. F. 1776. Zoologiae Danicae Prodromus, Seu Animalium 
Daniae Et Norvegiae Indigenarum Characteres, Nomina, Et Synonymy 
Imprimis Popularium, 1–282. Hallageriis, Havniae.

Nack, C. C., D. P. Swaney, and K. E. Limburg. 2019. “Historical and 
Projected Changes in Spawning Phenologies of American Shad and 
Striped Bass in the Hudson River Estuary.” Marine and Coastal 
Fisheries: Dynamics, Management, and Ecosystem Science 11, no. 3: 
271–284.

Naiman, R. J., R. E. Bilby, D. E. Schindler, and J. M. Helfield. 2002. 
“Pacific Salmon, Nutrients, and the Dynamics of Freshwater and 
Riparian Ecosystems.” Ecosystems 5, no. 4: 399–417.

Nakano, S., and M. Murakami. 2001. “Reciprocal Subsidies: Dynamic 
Interdependence Between Terrestrial and Aquatic Food Webs.” 
Proceedings of the National Academy of Sciences of the United States of 
America 98, no. 1: 166–170.

Nash, L. N., P. A. P. Antiqueira, and G. Q. Romero. 2021. “Warming 
of Aquatic Ecosystems Disrupts Aquatic–Terrestrial Linkages in the 
Tropics.” Journal of Animal Ecology 90, no. 7: 1623–1634.

Nash, L. N., L. W. Zorzetti, P. A. P. Antiqueira, C. Carbone, G. Q. 
Romero, and P. Kratina. 2023. “Latitudinal Patterns of Aquatic Insect 
Emergence Driven by Climate.” Global Ecology and Biogeography: A 
Journal of Macroecology 32, no. 8: 1323–1335.

Nowell, L. H., P. W. Moran, I. R. Waite, et  al. 2024. “Multiple Lines 
of Evidence Point to Pesticides as Stressors Affecting Invertebrate 
Communities in Small Streams in Five United States Regions.” Science 
of the Total Environment 915: 169634.

Nriagu, J. O., and J. M. Pacyna. 1988. “Quantitative Assessment of 
Worldwide Contamination of Air, Water and Soils by Trace Metals.” 
Nature 333, no. 6169: 134–139.

Opdal, A. F., P. J. Wright, G. Blom, H. Höffle, C. Lindemann, and O. 
S. Kjesbu. 2024. “Spawning Fish Maintains Trophic Synchrony Across 
Time and Space Beyond Thermal Drivers.” Ecology 105: e4304.

Otter, R. R., M. Hayden, T. Mathews, A. Fortner, and F. C. Bailey. 2013. 
“The Use of Tetragnathid Spiders as Bioindicators of Metal Exposure at 
a Coal Ash Spill Site.” Environmental Toxicology and Chemistry/SETAC 
32, no. 9: 2065–2068.

Paetzold, A., M. Smith, P. H. Warren, and L. Maltby. 2011. 
“Environmental Impact Propagated by Cross-System Subsidy: Chronic 

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3389/fenvs.2017.00061
https://doi.org/10.3389/fenvs.2017.00061
https://doi.org/10.1111/oik.08513
https://doi.org/10.1111/oik.08513


18 of 20 Ecology Letters, 2025

Stream Pollution Controls Riparian Spider Populations.” Ecology 92, no. 
9: 1711–1716.

Parkinson, E., and S. D. Tiegs. 2023. “Spectral Composition of Light-
Emitting Diodes Impacts Aquatic and Terrestrial Invertebrate 
Communities With Potential Implications for Cross-Ecosystem 
Subsidies.” Philosophical Transactions of the Royal Society of London. 
Series B, Biological Sciences 378, no. 1892: 20220361.

Parks, J. M., A. Johs, M. Podar, et  al. 2013. “The Genetic Basis for 
Bacterial Mercury Methylation.” Science 339, no. 6125: 1332–1335.

Parmar, T. P., A. L. Kindinger, M. Mathieu-Resuge, et al. 2022. “Fatty 
Acid Composition Differs Between Emergent Aquatic and Terrestrial 
Insects—A Detailed Single System Approach.” Frontiers in Ecology and 
the Environment 10: 952292.

Peller, T., and F. Altermatt. 2024. “Invasive Species Drive Cross-
Ecosystem Effects Worldwide.” Nature Ecology & Evolution 8, no. 6: 
1087–1097. https://​doi.​org/​10.​1038/​s4155​9-​024-​02380​-​1.

Pichon, B., E. Thébault, G. Lacroix, and I. Gounand. 2023. “Quality 
Matters: Stoichiometry of Resources Modulates Spatial Feedbacks in 
Aquatic-Terrestrial Meta-Ecosystems.” Ecology Letters 26, no. 10: 1700–
1713. https://​doi.​org/​10.​1111/​ele.​14284​.

Pickhardt, P. C., and N. S. Fisher. 2007. “Accumulation of Inorganic 
and Methylmercury by Freshwater Phytoplankton in Two Contrasting 
Water Bodies.” Environmental Science & Technology 41, no. 1: 125–131.

Pickhardt, P. C., C. L. Folt, C. Y. Chen, B. Klaue, and J. D. Blum. 2002. 
“Algal Blooms Reduce the Uptake of Toxic Methylmercury in Freshwater 
Food Webs.” Proceedings of the National Academy of Sciences 99, no. 7: 
4419–4423.

Pietz, S., S. Kolbenschlag, N. Röder, et al. 2023. “Subsidy Quality Affects 
Common Riparian Web-Building Spiders: Consequences of Aquatic 
Contamination and Food Resource.” Environmental Toxicology and 
Chemistry/SETAC 42, no. 6: 1346–1358.

Poste, A. E., R. E. Hecky, and S. J. Guildford. 2011. “Evaluating 
Microcystin Exposure Risk Through Fish Consumption.” Environmental 
Science & Technology 45, no. 13: 5806–5811.

Power, M. E., and W. E. Rainey. 2000. “Food Webs and Resource Sheds: 
Towards Spatially Delimiting Trophic Interactions.” https://​ib.​berke​ley.​
edu/​labs/​power/​​publi​catio​ns/​Power_​2000_​EcolC​onsHa​bHet.​pdf.

Preece, E. P., B. C. Moore, M. M. Skinner, A. Child, and S. Dent. 2019. 
“A Review of the Biological and Chemical Effects of Hypolimnetic 
Oxygenation.” Lake and Reservoir Management 35, no. 3: 229–246.

Previšić, A., M. Vilenica, N. Vučković, M. Petrović, and M. Rožman. 
2021. “Aquatic Insects Transfer Pharmaceuticals and Endocrine 
Disruptors From Aquatic to Terrestrial Ecosystems.” Environmental 
Science & Technology 55, no. 6: 3736–3746.

Quinn, T. P., S. M. Carlson, S. M. Gende, and H. B. Rich Jr. 2009. 
“Transportation of Pacific Salmon Carcasses From Streams to Riparian 
Forests by Bears.” Canadian Journal of Zoology 87, no. 3: 195–203.

Rahman, M. A., H. Hasegawa, and R. P. Lim. 2012. “Bioaccumulation, 
Biotransformation and Trophic Transfer of Arsenic in the Aquatic Food 
Chain.” Environmental Research 116: 118–135.

Raikow, D. F., D. M. Walters, K. M. Fritz, and M. A. Mills. 2011. “The 
Distance That Contaminated Aquatic Subsidies Extend Into Lake 
Riparian Zones.” Ecological Applications: A Publication of the Ecological 
Society of America 21, no. 3: 983–990.

Raitif, J., M. Plantegenest, and J. M. Roussel. 2019. “From Stream to 
Land: Ecosystem Services Provided by Stream Insects to Agriculture.” 
Agriculture, Ecosystems & Environment 270: 32–40.

Raitif, J., J. M. Roussel, M. Olmos, C. Piscart, and M. Plantegenest. 
2022. “Assessing Spatial Deposition of Aquatic Subsidies by Insects 
Emerging from Agricultural Streams.” Science of the Total Environment 
837: 155686.

Ramberg, E., F. J. Burdon, J. Sargac, et  al. 2020. “The Structure of 
Riparian Vegetation in Agricultural Landscapes Influences Spider 
Communities and Aquatic-Terrestrial Linkages.” Watermark 12, no. 10: 
2855.

Razavi, N. R., M. Qu, D. Chen, et  al. 2015. “Effect of Eutrophication 
on Mercury (Hg) Dynamics in Subtropical Reservoirs From a High 
hg Deposition Ecoregion.” Limnology and Oceanography 60, no. 2: 
386–401.

Revenga, J. E., L. M. Campbell, M. A. Arribére, and S. Ribeiro Guevara. 
2012. “Arsenic, Cobalt and Chromium Food Web Biodilution in a 
Patagonia Mountain Lake.” Ecotoxicology and Environmental Safety 81: 
1–10.

Rey, J. R., P. E. Hargraves, and S. M. O'Connell. 2009. “Effect of Selected 
Marine and Freshwater Microalgae on Development and Survival of the 
Mosquito Aedes aegypti.” Aquatic Ecology 43, no. 4: 987–997.

Richmond, E. K., E. J. Rosi, D. M. Walters, et al. 2018. “A Diverse Suite 
of Pharmaceuticals Contaminates Stream and Riparian Food Webs.” 
Nature Communications 9, no. 1: 4491.

Riehle, E., D. G. Beach, S. Multrus, T. P. Parmar, D. Martin-Creuzburg, 
and D. R. Dietrich. 2024. “Fate of Planktothrix-Derived Toxins in 
Aquatic Food Webs: A Case Study in Lake Mindelsee (Germany).” 
Ecotoxicology and Environmental Safety 273: 1116154.

Roodt, A. P., M. Huszarik, M. H. Entling, and R. Schulz. 2023. “Aquatic-
Terrestrial Transfer of Neonicotinoid Insecticides in Riparian Food 
Webs.” Journal of Hazardous Materials 455: 131635.

Roodt, A. P., N. Röder, S. Pietz, et al. 2022. “Emerging Midges Transport 
Pesticides From Aquatic to Terrestrial Ecosystems: Importance of 
Compound- and Organism-Specific Parameters.” Environmental 
Science & Technology 56, no. 9: 5478–5488.

Roodt, A. P., S. Schaufelberger, and R. Schulz. 2023. “Aquatic-Terrestrial 
Insecticide Fluxes: Midges as Neonicotinoid Vectors.” Environmental 
Toxicology and Chemistry/SETAC 42, no. 1: 60–70.

Rosi, E. J., J. B. Fick, and B. A. Han. 2023. “Are Animal Disease 
Reservoirs at Risk of Human Antiviral Exposure?” Environmental 
Science & Technology Letters 10, no. 5: 439–445.

Rumschlag, S. L., M. B. Mahon, D. K. Jones, et  al. 2023. “Density 
Declines, Richness Increases, and Composition Shifts in Stream 
Macroinvertebrates.” Science Advances 9, no. 18: eadf4896.

Saario, E., A. Abdel-Hameed, and J. Kiviranta. 1994. “Larvicidal 
Microcystin Toxins of cyanobacteria Affect Midgut Epithelial Cells of 
Aedes aegypti Mosquitoes.” Medical and Veterinary Entomology 8, no. 
4: 398–400.

Sabo, J. L., and M. E. Power. 2002. “Numerical Response of Lizards 
to Aquatic Insects and Short-Term Consequences for Terrestrial 
Prey.” Ecology 83, no. 11: 3023–3036. https://​doi.​org/​10.​1890/​0012-​
9658(2002)​083.

Sánchez-Bayo, F., and K. A. G. Wyckhuys. 2019. “Worldwide Decline 
of the Entomofauna: A Review of Its Drivers.” Biological Conservation 
232: 8–27.

Scharnweber, K., F. Chaguaceda, E. Dalman, L. Tranvik, and P. Eklöv. 
2020. “The Emergence of Fatty Acids—Aquatic Insects as Vectors 
Along a Productivity Gradient.” Freshwater Biology 65, no. 3: 565–578.

Schindler, D. E., R. Hilborn, B. Chasco, et al. 2010. “Population Diversity 
and the Portfolio Effect in an Exploited Species.” Nature 465, no. 7298: 
609–612.

Schindler, D. E., M. D. Scheuerell, J. W. Moore, S. M. Gende, T. B. Francis, 
and W. J. Palen. 2003. “Pacific Salmon and the Ecology of Coastal 
Ecosystems.” Frontiers in Ecology and the Environment 1, no. 1: 31–37.

Schmidt, T. S., W. H. Clements, K. A. Mitchell, et al. 2010. “Development 
of a New Toxic-Unit Model for the Bioassessment of Metals in Streams.” 
Environmental Toxicology and Chemistry/SETAC 29, no. 11: 2432–2442.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41559-024-02380-1
https://doi.org/10.1111/ele.14284
https://ib.berkeley.edu/labs/power/publications/Power_2000_EcolConsHabHet.pdf
https://ib.berkeley.edu/labs/power/publications/Power_2000_EcolConsHabHet.pdf
https://doi.org/10.1890/0012-9658(2002)083
https://doi.org/10.1890/0012-9658(2002)083


19 of 20

Schmidt, T. S., W. H. Clements, R. B. Wanty, et  al. 2012. “Geologic 
Processes Influence the Effects of Mining on Aquatic Ecosystems.” 
Ecological Applications: A Publication of the Ecological Society of 
America 22, no. 3: 870–879.

Schmidt, T. S., J. M. Kraus, D. M. Walters, and R. B. Wanty. 2013. 
“Emergence Flux Declines Disproportionately to Larval Density Along 
a Stream Metals Gradient.” Environmental Science & Technology 47, no. 
15: 8784–8792.

Schmidt, T. S., J. L. Miller, B. J. Mahler, et  al. 2022. “Ecological 
Consequences of Neonicotinoid Mixtures in Streams.” Science Advances 
8, no. 15: eabj8182.

Schulz, R., M. Bundschuh, M. H. Entling, et  al. 2023. “A Synthesis 
of Anthropogenic Stress Effects on Emergence-Mediated Aquatic-
Terrestrial Linkages and Riparian Food Webs.” Science of the Total 
Environment 908: 168186.

Shipley, J. R., R. Oester, M. Mathieu-Resuge, et  al. 2024. “Consumer 
Biodiversity Increases Organic Nutrient Availability Across Aquatic 
and Terrestrial Ecosystems.” Science 386, no. 6719: 335–340.

Shipley, J. R., C. W. Twining, M. Mathieu-Resuge, et al. 2022. “Climate 
Change Shifts the Timing of Nutritional Flux From Aquatic Insects.” 
Current Biology 32, no. 6: 1342–1349.

Sivonen, K. 1996. “Cyanobacterial Toxins and Toxin Production.” 
Phycologia 35, no. sup6: 12–24.

Smalling, K. L., O. H. Devereux, S. E. Gordon, et  al. 2021. 
“Environmental and Anthropogenic Drivers of Contaminants in 
Agricultural Watersheds With Implications for Land Management.” 
Science of the Total Environment 774: 145687.

Stadtman, T. C. 1974. “Selenium Biochemistry: Proteins Containing 
Selenium Are Essential Components of Certain Bacterial and 
Mammalian Enzyme Systems.” Science 183, no. 4128: 915–922.

Stenroth, K., L. E. Polvi, E. Fältström, and M. Jonsson. 2015. “Land-Use 
Effects on Terrestrial Consumers Through Changed Size Structure of 
Aquatic Insects.” Freshwater Biology 60, no. 1: 136–149.

Stepanian, P. M., S. A. Entrekin, C. E. Wainwright, D. Mirkovic, J. L. 
Tank, and J. F. Kelly. 2020. “Declines in an Abundant Aquatic Insect, 
the Burrowing Mayfly, Across Major North American Waterways.” 
Proceedings of the National Academy of Sciences of the United States of 
America 117, no. 6: 2987–2992.

Stewart, I., A. A. Seawright, and G. R. Shaw. 2008. “Cyanobacterial 
Poisoning in Livestock, Wild Mammals and Birds–an Overview.” 
Cyanobacterial Harmful Algal Blooms: State of the Science and Research 
Needs 1: 613–637.

Strandberg, U., M. Hiltunen, E. Jelkänen, et al. 2015. “Selective Transfer 
of Polyunsaturated Fatty Acids From Phytoplankton to Planktivorous 
Fish in Large Boreal Lakes.” Science of the Total Environment 536: 
858–865.

Strandberg, U., T. Ilo, J. Akkanen, and P. Kankaala. 2021. “Warming 
Decreases Bioconversion of Polyunsaturated Fatty Acids in Chironomid 
Larvae Maintained on Cyanobacterium Microcystis.” Biomolecules 11, 
no. 9: 1326. https://​doi.​org/​10.​3390/​biom1​1091326.

Strandberg, U., J. Vesterinen, T. Ilo, J. Akkanen, M. Melanen, and 
P. Kankaala. 2020. “Fatty Acid Metabolism and Modifications in 
Chironomus riparius.” Philosophical Transactions of the Royal Society of 
London. Series B, Biological Sciences 375, no. 1804: 20190643.

Subalusky, A. L., C. L. Dutton, E. J. Rosi, L. M. Puth, and D. M. Post. 
2020. “A River of Bones: Wildebeest Skeletons Leave a Legacy of Mass 
Mortality in the Mara River, Kenya.” Frontiers in Ecology and Evolution 
8: 31. https://​doi.​org/​10.​3389/​fevo.​2020.​00031​.

Subalusky, A. L., and D. M. Post. 2019. “Context Dependency of Animal 
Resource Subsidies.” Biological Reviews of the Cambridge Philosophical 
Society 94, no. 2: 517–538.

Sullivan, S. M. P., J. W. Corra, and J. T. Hayes. 2021. “Urbanization 
Mediates the Effects of Water Quality and Climate on a Model Aerial 
Insectivorous Bird.” Ecological Monographs 91, no. 2: e01442.

Sullivan, S. M. P., and D. W. P. Manning. 2019. “Aquatic–Terrestrial 
Linkages as Complex Systems: Insights and Advances From Network 
Models.” Freshwater Science 38, no. 4: 936–945.

Sundevall, C. J. 1833. Conspectus Arachnidum, 1–39. C. F. Berling, 
Londini Gothorum.

Sweeney, B. W., D. H. Funk, A. A. Camp, D. B. Buchwalter, and 
J. K. Jackson. 2018. “Why Adult Mayflies of Cloeon dipterum 
(Ephemeroptera:Baetidae) Become Smaller as Temperature Warms.” 
Freshwater Science 37, no. 1: 64–81.

Szaz, D., G. Horvath, A. Barta, et  al. 2015. “Lamp-Lit Bridges as Dual 
Light-Traps for the Night-Swarming Mayfly, Ephoron Virgo: Interaction of 
Polarized and Unpolarized Light Pollution.” PLoS One 10, no. 3: e0121194.

Tang, W.-L., Y.-R. Liu, W.-Y. Guan, H. Zhong, X.-M. Qu, and T. 
Zhang. 2020. “Understanding Mercury Methylation in the Changing 
Environment: Recent Advances in Assessing Microbial Methylators and 
Mercury Bioavailability.” Science of the Total Environment 714: 136827.

Tellier, J. M., N. I. Kalejs, B. S. Leonhardt, D. Cannon, T. O. Höök, and 
P. D. Collingsworth. 2022. “Widespread Prevalence of Hypoxia and the 
Classification of Hypoxic Conditions in the Laurentian Great Lakes.” 
Journal of Great Lakes Research 48, no. 1: 13–23.

Thomas, A. 1968. “Sur la taxonomie de quelques espèces d'ecdyonurus 
du Sud-Ouest de la France [Ephemeroptera].” Annales de Limnologie - 
International Journal of Limnology 4, no. 1: 51–71. EDP Sciences.

Toporowska, M., B. Pawlik-Skowrońska, and R. Kalinowska. 
2014. “Accumulation and Effects of Cyanobacterial Microcystins 
and Anatoxin-a on Benthic Larvae of Chironomus Spp. (Diptera: 
Chironomidae).” European Journal of Entomology 111: 83–90.

Trenberth, K. E. 2011. “Changes in Precipitation With Climate Change.” 
Climate Research 47, no. 1: 123–138.

Twining, C. W., J. R. Bernhardt, A. M. Derry, et al. 2021. “The Evolutionary 
Ecology of Fatty-Acid Variation: Implications for Consumer Adaptation 
and Diversification.” Ecology Letters 24, no. 8: 1709–1731.

Twining, C. W., J. T. Brenna, N. G. Hairston Jr., and A. S. Flecker. 2016. 
“Highly Unsaturated Fatty Acids in Nature: What We Know and What 
We Need to Learn.” Oikos 125, no. 6: 749–760.

Twining, C. W., J. T. Brenna, and P. Lawrence. 2019. “Aquatic and 
Terrestrial Resources Are Not Nutritionally Reciprocal for Consumers.” 
Functional Ecology 33, no. 10: 2042–2052.

Twining, C. W., J. T. Brenna, P. Lawrence, J. R. Shipley, T. N. Tollefson, 
and D. W. Winkler. 2016. “Omega-3 Long-Chain Polyunsaturated 
Fatty Acids Support Aerial Insectivore Performance More Than Food 
Quantity.” Proceedings of the National Academy of Sciences 113, no. 39: 
10920–10925.

Twining, C. W., and E. P. Palkovacs. 2017. “Nutrient Loading by 
Anadromous Fishes: Species-Specific Contributions and the Effects of 
Diversity.” Canadian Journal of Fisheries and Aquatic Sciences 74, no. 
4: 609–619.

Twining, C. W., N. R. Razavi, J. T. Brenna, et  al. 2021. “Emergent 
Freshwater Insects Serve as Subsidies of Methylmercury and Beneficial 
Fatty Acids for Riparian Predators Across an Agricultural Gradient.” 
Environmental Science & Technology 55, no. 9: 5868–5877.

Twining, C. W., J. R. Shipley, and B. Matthews. 2022. “Climate Change 
Creates Nutritional Phenological Mismatches.” Trends in Ecology & 
Evolution 37, no. 9: 736–739.

Twining, C. W., J. R. Shipley, and D. W. Winkler. 2018. “Aquatic Insects 
Rich in Omega-3 Fatty Acids Drive Breeding Success in a Widespread 
Bird.” Ecology Letters 21, no. 12: 1812–1820.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3390/biom11091326
https://doi.org/10.3389/fevo.2020.00031


20 of 20 Ecology Letters, 2025

Ullrich, S. M., T. W. Tanton, and S. A. Abdrashitova. 2001. “Mercury in 
the Aquatic Environment: A Review of Factors Affecting Methylation.” 
Critical Reviews in Environmental Science and Technology 31, no. 3: 
241–293.

Uno, H., and S. Pneh. 2020. “Effect of Source Habitat Spatial 
Heterogeneity and Species Diversity on the Temporal Stability of 
Aquatic-to-Terrestrial Subsidy by Emerging Aquatic Insects.” Ecological 
Research 35, no. 3: 474–481.

Uno, H., and M. E. Power. 2015. “Mainstem-Tributary Linkages 
by Mayfly Migration Help Sustain Salmonids in a Warming River 
Network.” Ecology Letters 18, no. 10: 1012–1020.

Van Der Plas, F. 2019. “Biodiversity and Ecosystem Functioning in 
Naturally Assembled Communities.” Biological Reviews 94, no. 4: 
1220–1245.

van Klink, R., D. E. Bowler, K. B. Gongalsky, A. B. Swengel, A. Gentile, 
and J. M. Chase. 2020. “Meta-Analysis Reveals Declines in Terrestrial 
but Increases in Freshwater Insect Abundances.” Science 368, no. 6489: 
417–420.

Vander Zanden, M. J., and J. B. Rasmussen. 1996. “A Trophic Position 
Model of Pelagic Food Webs: Impact on Contaminant Bioaccumulation 
in Lake Trout.” Ecological Monographs 66, no. 4: 451–477.

Vander Zanden, M. J., and D. M. Sanzone. 2004. “Food Web Subsidies 
at the Land-Water Ecotone.” In Food Webs at the Landscape Level, 185–
187. University of Chicago Press.

Vanni, M. J., and P. B. McIntyre. 2016. “Predicting Nutrient Excretion of 
Aquatic Animals With Metabolic Ecology and Ecological Stoichiometry: 
A Global Synthesis.” Ecology 97, no. 12: 3460–3471.

Waite, I. R., P. C. Van Metre, P. W. Moran, et  al. 2021. “Multiple in-
Stream Stressors Degrade Biological Assemblages in Five US Regions.” 
Science of the Total Environment 800: 149350.

Walsh, B. D. 1863. “Ephemeridae.” In: Observations on certain N.A. 
Neuroptera by H.A. Hagen, M.D. of Koenigsburg, Prussia; translated from 
the original M.S. and published by permission of the author, with notes 
and descriptions of about twenty new N.A. species of Pseudoneuroptera. 
Proceedings of the Entomological Society of Philadelphia 2: 167–272.

Walters, D. M., K. M. Fritz, and R. R. Otter. 2008. “The Dark Side of 
Subsidies: Adult Stream Insects Export Organic Contaminants to 
Riparian Predators.” Ecological Applications: A Publication of the 
Ecological Society of America 18, no. 8: 1835–1841.

Walters, D. M., T. D. Jardine, B. S. Cade, K. A. Kidd, D. C. G. Muir, and 
P. Leipzig-Scott. 2016. “Trophic Magnification of Organic Chemicals: 
A Global Synthesis.” Environmental Science & Technology 50, no. 9: 
4650–4658.

Walters, D. M., M. A. Mills, K. M. Fritz, and D. F. Raikow. 2010. “Spider-
Mediated Flux of PCBs From Contaminated Sediments to Terrestrial 
Ecosystems and Potential Risks to Arachnivorous Birds.” Environmental 
Science & Technology 44, no. 8: 2849–2856.

Walters, D. M., D. F. Raikow, C. R. Hammerschmidt, M. G. Mehling, 
A. Kovach, and J. T. Oris. 2015. “Methylmercury Bioaccumulation in 
Stream Food Webs Declines With Increasing Primary Production.” 
Environmental Science & Technology 49, no. 13: 7762–7769.

Walters, D. M., J. S. Wesner, R. E. Zuellig, D. A. Kowalski, and M. C. 
Kondratieff. 2018. “Holy Flux: Spatial and Temporal Variation in 
Massive Pulses of Emerging Insect Biomass From Western U.S. Rivers.” 
Ecology 99, no. 1: 238–240.

Wanty, R. B., L. S. Balistrieri, J. S. Wesner, et al. 2017. “In Vivo Isotopic 
Fractionation of Zinc and Biodynamic Modeling Yield Insights Into 
Detoxification Mechanisms in the Mayfly Neocloeon Triangulifer.” 
Science of the Total Environment 609: 1219–1229.

Ward, C. L., and K. S. McCann. 2017. “A Mechanistic Theory for Aquatic 
Food Chain Length.” Nature Communications 8, no. 1: 2028.

Watzin, M. C., and A. W. McIntosh. 1999. “Aquatic Ecosystems 
in Agricultural Landscapes: A Review of Ecological Indicators 
and Achievable Ecological Outcomes.” Journal of Soil and Water 
Conservation 54, no. 4: 636–644.

Wesner, J. S., J. M. Kraus, T. S. Schmidt, D. M. Walters, and W. H. 
Clements. 2014. “Metamorphosis Enhances the Effects of Metal 
Exposure on the Mayfly, Centroptilum triangulifer.” Environmental 
Science & Technology 48, no. 17: 10415–10422.

Wesner, J. S., D. M. Walters, T. S. Schmidt, et al. 2017. “Metamorphosis 
Affects Metal Concentrations and Isotopic Signatures in a Mayfly 
(Baetis tricaudatus): Implications for the Aquatic-Terrestrial Transfer 
of Metals.” Environmental Science & Technology 51, no. 4: 2438–2446.

Whorley, S. B., N. J. Smucker, A. Kuhn, and J. D. Wehr. 2019. 
“Urbanisation Alters Fatty Acids in Stream Food Webs.” Freshwater 
Biology 64, no. 5: 984–996.

Wilkes, M. A., J. L. Carrivick, E. Castella, et al. 2023. “Glacier Retreat 
Reorganizes River Habitats Leaving Refugia for Alpine Invertebrate 
Biodiversity Poorly Protected.” Nature Ecology & Evolution 7, no. 6: 
841–851.

Williams-Subiza, E. A., and L. B. Epele. 2021. “Drivers of Biodiversity 
Loss in Freshwater Environments: A Bibliometric Analysis of the 
Recent Literature.” Aquatic Conservation: Marine and Freshwater 
Ecosystems 31, no. 9: 2469–2480.

Woller-Skar, M. M., A. L. Russell, J. A. Gaskill, and M. R. Luttenton. 
2020. “Microcystin in Multiple Life Stages of Hexagenia limbata, With 
Implications for Toxin Transfer.” Journal of Great Lakes Research 46, 
no. 3: 666–671.

Zaidel, P. A., A. H. Roy, K. M. Houle, et al. 2021. “Impacts of Small Dams 
on Stream Temperature.” Ecological Indicators 120: 106878.

Závorka, L., A. Blanco, F. Chaguaceda, et al. 2023. “The Role of Vital 
Dietary Biomolecules in Eco-Evo-Devo Dynamics.” Trends in Ecology 
& Evolution 38, no. 1: 72–84.

Zeis, B., I. Buchen, A. Wacker, and D. Martin-Creuzburg. 2019. 
“Temperature-Induced Changes in Body Lipid Composition Affect 
Vulnerability to Oxidative Stress in Daphnia magna.” Comparative 
Biochemistry and Physiology. Part B, Biochemistry & Molecular Biology 
232: 101–107.

Zeuss, D., S. Brunzel, and R. Brandl. 2017. “Environmental Drivers of 
Voltinism and Body Size in Insect Assemblages Across Europe.” Global 
Ecology and Biogeography: A Journal of Macroecology 26, no. 2: 154–165.

Zuo, W., M. E. Moses, G. B. West, C. Hou, and J. H. Brown. 2012. “A 
General Model for Effects of Temperature on Ectotherm Ontogenetic 
Growth and Development.” Proceedings. Biological Sciences/the Royal 
Society 279, no. 1734: 1840–1846.

 14610248, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70109 by T

est, W
iley O

nline L
ibrary on [30/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Integrating the Bright and Dark Sides of Aquatic Resource Subsidies—A Synthesis
	ABSTRACT
	1   |   Introduction
	2   |   The Bright Side of Subsidies
	2.1   |   Dietary Energy
	2.2   |   Nutrients

	3   |   The Dark Side of Subsidies
	3.1   |   Metal(Loid)s
	3.2   |   Organic Pollutants
	3.3   |   Cyanobacterial Toxins

	4   |   Global Change Impacts on Aquatic-to-Terrestrial Subsidies
	4.1   |   Land Use Change
	4.2   |   Climate Change and Warming
	4.3   |   Changing Biodiversity

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Data Availability Statement
	References


