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competition, mutualism, and priming effects that depend on environmental fac-

Other studies suggest that primary consumers do not feed exclusively in either
brown or green food webs, blurring the distinctions between trophic pathways.
This omnivory complicates trophic classification, and its nutritional significance
is important to understand autotrophy, heterotrophy, and detritus as the basis of
consumer growth and fitness.

3. This special issue addresses knowledge gaps regarding the breadth and com-
plexity of the autotroph-heterotroph microbial interface in freshwaters. The
nine manuscripts within this special issue showcase the range of topics crossing
the boundary between green and brown food webs to understand organism- to
ecosystem-level responses to light regime, nutrient availability, temperature, and
other environmental factors that affect autotroph-heterotroph interactions.

4. We highlight knowledge gaps generated from this special issue, such as a need
for additional field studies documenting autotroph-heterotroph microbial interac-
tions particularly in lentic settings, and a need to scale interactions from the field
up to food webs and ecosystems. We anticipate that this special issue will spur sci-
entific interest in both autotrophy and heterotrophy in freshwaters, including how

these energy flow pathways cannot be fully understood when studied in isolation.
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1 | INTRODUCTION Smith, & Slobodkin, 1960; Moore et al., 2004). This dichotomy has

advanced ecology by simplifying development of laboratory and
Ecologists classically separate energy flow into either green auto- field techniques, focusing resources along distinct lines of inquiry,
troph-based or brown heterotrophic-based pathways (Hairston, and easing development and testing of classic ecological theory.
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However, contemporary research from terrestrial and aquatic set-
tings points to an under-appreciation of the complex interplay be-
tween autotrophic and heterotrophic components of ecosystems
(Guenet, Danger, Abbadie, & Lacroix, 2010; Ward, McCann, &
Rooney, 2015; Zou, Thébault, Lacroix, & Barot, 2016). Given this in-
terplay, ecologists cannot fully understand one component of the
trophic system without considering the other. In freshwater set-
tings, autotroph-heterotroph interactions may be important at mul-
tiple scales including: (1) within mixed-species syntrophic microbial
biofilms (Battin, Besemer, Bengtsson, Romani, & Packmann, 2016;
Wagner, Bengtsson, Findlay, Battin, & Ulseth, 2017); (2) at the con-
sumer-resource interface where mixotrophy and multichannel feed-
ing, including on aforementioned biofilms, are prevalent (Guillemete,
McCallister, & del Giorgio, 2016; Wolkovich et al., 2014); and (3) top-
down via animal release of organic and inorganic nutrient wastes
that are differentially available to autotrophs and heterotrophs
(Atkinson, Capps, Rugenski, & Vanni, 2017; Parr, Capps, Inamdar, &
Metcalf, 2019). These and other examples highlight the need for fur-
ther research at the interface of autotrophy and heterotrophy within
a diverse array of freshwater ecosystems.

The complexity of the autotroph-heterotroph interface results
from wide-ranging interactions between microbial autotrophs and
heterotrophs, combined with a range of biotic and abiotic factors
that influence these interactions. Autotrophic and heterotrophic
microbes often coexist and share space within mixed-species pe-
riphyton communities (Carr, Morin, & Chambers, 2005; Rier &
Stevenson, 2002; Scott, Back, Taylor, & King, 2008), where they
share several resource pools for which they can directly compete,
especially the dissolved nutrients nitrogen (N) and phosphorus (P).
In turn, autotrophic and heterotrophic microbial groups differ fun-
damentally in both metabolic requirements and sources of carbon
(C) acquisition, with autotrophy reliant upon light availability and in-
organic C, and heterotrophy reliant on reduced organic C for both
metabolism and C assimilation. Contrasting metabolic requirements
may lead to co-metabolism or mutualism between autotrophs and
heterotrophs (e.g. Hom & Murray, 2014) as the two groups exchange
waste products, such as CO, and O,, and potentially other chemical
compounds (Calatrava, Hom, Llamas, Fernandez, & Galvan, 2018;
Hom, Aiyar, Schaeme, Mittag, & Sasso, 2015). Co-metabolism is
also a plausible mechanism underlying autotroph-mediated priming
effects, whereby autotrophs exude fresh, labile organic C readily
used by heterotrophs to enhance growth, enzymatic activity, and
acquisition of recalcitrant organic C (Danger et al., 2013; Kuehn,
Francoeur, Findlay, & Neely, 2014; Kuzyakov, 2010). Finally, auto-
trophs and heterotrophs may indirectly interact by changing their
shared environmental milieu, e.g. photosynthesis-driven increases of
pH which affect the activity of pH-sensitive degradative enzymes
(Rier, Kuehn, & Francoeur, 2007), and allelopathic compounds pro-
duced by both fungi and algae, which may affect interactions (Allen
etal, 2017; Hom et al., 2015; Leflaive & Ten-Hage, 2007).

Recent studies suggest that the nature of autotroph-heterotroph
microbial interactions can translate to altered ecosystem processes

including energy flow and nutrient cycling. In shaded headwater

streams where algae are often considered to play minimal ecologi-
cal roles (Fisher & Likens, 1973; Vannote, Minshall, Cummins, Sedell,
& Cushing, 1980), algae of low abundance can provide a high-qual-
ity resource, particularly of polyunsaturated fatty acids, support-
ing consumer nutrition (Crenier et al., 2017; Guo, Kainz, Valdez,
Sheldon, & Bunn, 2016). In addition, periphytic algae can strongly
inhibit or stimulate organic matter decomposition, with major conse-
quences for long-term C storage and microbially mediated nutrient
transformations (Halvorson et al., 2019; Halvorson, Scott, Entrekin,
Evans-White, & Scott, 2016; Wyatt & Turetsky, 2015). This evidence
underscores the need for more empirical research to understand the
importance and impact of autotroph-heterotroph interactions on
ecosystem processes in headwaters and other detritus-rich settings
such as peatlands and lake littoral zones, which are major sites of C
processing and storage (Cole et al., 2007; Kayranli, Scholz, Mustafa,
& Hedmark, 2010). Furthermore, despite increasing studies of both
autotrophic and heterotrophic responses to global change (Manning,
Rosemond, Gulis, Benstead, & Kominoski, 2018; Welter et al., 2015),
scientists remain challenged in how these autotroph-heterotroph
interactions affect whole-system responses to increasing tempera-
ture, altered light regimes, and increasing nutrient availability (Gu &
Wyatt, 2016; Wilken et al., 2018). Only when investigations have
empirically tested underlying mechanisms, responses to environ-
mental gradients, and ecological significance of the autotroph-het-
erotroph interface will we be able to understand the impact and
importance of this interface within the broader discipline of ecology.

This special issue was organised to address knowledge gaps re-
garding the breadth and complexity of the autotroph-heterotroph
microbial interface in freshwaters. Arising first from a special ses-
sion at the 2018 Society for Freshwater Science meeting, this spe-
cial issue addresses current fast-moving topics in ecology, including
long-debated autochthonous versus allochthonous support of
aquatic food webs (Brett et al., 2017; Tanentzap et al., 2017) and
mixed support for the occurrence of priming effects during recalci-
trant organic matter degradation across aquatic studies (Bengtsson,
Attermeyer, & Catalan, 2018). The resulting nine manuscripts, the
majority first-authored by students, showcase the range of settings
in which autotroph-heterotroph interactions are (and are not) eco-
logically significant. The findings across studies provide a wide pic-
ture of microbial interactions, with a common theme to understand
how microbial autotrophs and heterotrophs may separately and in-
teractively respond to global change.

2 | OVERVIEW OF THIS SPECIAL ISSUE

The manuscripts in this special issue address autotroph-heterotroph
microbial interactions, ranging from relatively controlled experi-
ments testing the strength, direction, and mechanisms of interac-
tions, to studies documenting how interactions affect organic matter
breakdown and other microbial-mediated ecosystem functions, and
finally to studies considering the wider implication of interactions

for energy flow and nutrient cycling among higher trophic levels.
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Several manuscripts add to a growing list of evidence that mi-
crobial autotrophs directly stimulate heterotrophy within lotic
and lentic aquatic settings, and further provide context that en-
vironmental factors can influence the degree of that stimulation.
Two papers conduct short-term (minutes to hours) manipulations
of algal activity using photosynthesis inhibitors or light gradients.
The first demonstrates strong algal stimulation of fungal produc-
tion and phosphatase activity associated with submerged Typha
and Schoenoplectus litter in a wetland system (Francoeur, Neely,
Underwood, & Kuehn, 2020). A second paper provides complemen-
tary findings, wherein greater algal-stimulated fungal production is
contrasted by weak stimulation of bacterial or enzymatic activity
on submerged Typha litter as temperature and light levels increase
(Pope, Halvorson, Findlay, Francoeur, & Kuehn, 2020). Finally, in an
8-day laboratory experiment, Wyatt and Rober (2020) find that mix-
ing algal- and peatland-derived dissolved organic C (DOC) results
in greater DOC degradation, bacterial biomass, and DOC aromatic-
ity than non-mixing treatments, a pattern which strengthens with
warming expected for high-latitude regions. Together, these stud-
ies demonstrate the importance of labile autotroph-derived C in
directly stimulating microbial heterotrophy and the importance of
factors that control both autotrophy and heterotrophy, in particular
temperature, which can magnify this stimulation.

A second suite of longer-term experiments focus on ecosystem
processes, particularly leaf decomposition, as influenced by auto-
troph-heterotroph interactions. Howard-Parker, White, Halvorson,
and Evans-White (2020) experimentally investigate algal priming ef-
fects during Quercus litter decomposition across a dissolved P gradi-
ent, and observe that higher P concentrations enhance algal priming,
most strongly for recalcitrant litter fibre mass loss. In combination
with the above three papers, this demonstrates that algal influences
on microbial heterotrophy extend to the decomposition of recalci-
trant particulate C. However, it remains unclear how heterotrophs
may reciprocally influence litter-associated autotrophy. This nota-
ble gap is addressed by Allen et al. (2020) using extracts from leaf
litter and fungi to show that fresh leaf leachates directly suppress
autotrophy, but over the long-term, leaf litter and fungi weakly or
even positively affect autotrophy in experimental streams. These
studies highlight the diverse roles of algae in detrital-heterotrophic
processes, which are still poorly understood in aquatic ecosystems.

Global change factors can shift the autotroph-heterotroph in-
terface by stimulating the activity and biomass of one or both mi-
crobial groups. Two papers address effects of global anthropogenic
change in the autotroph-heterotroph interface. In their artificial
stream experiment, Gossiaux et al. (2020) show that higher tem-
peratures and N additions weakly alter microbial heterotrophy,
but warming negatively affects primary production and stimulates
invertebrate feeding and growth, thus inducing an overall shift in
energy flow pathways. In a separate field study, Eckert, Halvorson,
Kuehn, and Lamp (2020) show how increased nutrients and light
availability associated with land use change across streams can shift
algal and fungal biomass, as well as litter stoichiometry, to influence

the invertebrate community colonising leaf litter. While revealing
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the complexity of predicting autotroph-heterotroph responses to
global change stressors based on controlled laboratory experiments,
these papers imply far-reaching effects on higher trophic levels and
ecosystem processes.

Autotrophs can provide a high-quality nutritional resource to
primary consumers, a factor that studies increasingly address even
in headwater streams dominated by detritus and heterotrophic
biomass and activity. In their paper quantifying C flows from algae
to the primary consumers Ecdyonurus and Gammarus, Kiihmayer
et al. (2020) show that algae provide essential polyunsaturated fatty
acids to consumers, to a measurable degree even in streams con-
taining plentiful leaf litter and minimal algal biomass. Animals can,
in turn, influence the autotroph-heterotroph interface by directly
removing algae via grazing and by excreting labile DOC available to
heterotrophs. Parr, Vaugh, and Gido (2020) investigate the influence
of fish, mussels, and snails on DOC availability in stream mesocosms,
showing that animal grazing may reduce DOC by removing algae that
exude DOC and therefore support heterotrophic activity, indicat-
ing that animal consumers can both directly and indirectly shift the
balance between autotrophy and heterotrophy in aquatic systems.

3 | POTENTIAL INFLUENCE OF THIS
SPECIAL ISSUE

Microbial autotrophy and heterotrophy directly influence the net
balance of C storage versus processing within ecosystems, and
are thus key to understanding the role of freshwater biota in the
global C cycle (Cole et al., 2007). We hope that this special issue will
heighten future scientific interest in both autotrophy and hetero-
trophy in freshwaters, including how energy flow pathways (green
versus brown) cannot be fully understood when studied in isolation
(Buchkowski, Leroux, & Schmitz, 2019; Wolkovich et al., 2014; Zou
et al., 2016). For example, two studies in this special issue show that
increased temperatures magnify algal influence on heterotrophy
measured as fungal growth (Pope et al., 2020) and DOC degradation
(Wyatt & Rober, 2020). In addition, higher temperatures can shift
energy flow through both autotrophic and heterotrophic pathways
simultaneously (Gossiaux et al., 2020). Understanding these dynam-
ics is important to predict how global climate change will affect
freshwater C stocks and fluxes at a global level, particularly consid-
ering the autotroph-heterotroph interface as a model for microbi-
ome ecology (Cavicchioli et al., 2019; Demars et al., 2016; Guenet
etal., 2018).

This special issue also draws attention to the ecological signif-
icance of living autotroph biomass and activity in systems viewed
as predominantly driven by heterotrophic processes, such as
headwater streams. Five papers in this issue directly highlight au-
totrophic colonisation of organic matter in experimental or natural
field settings, which is supported by an equal array of recent sim-
ilar studies (e.g. Elosegi, Nicolas, & Richardson, 2018; Halvorson
et al.,, 2019; Soares, Kritzberg, & Rousk, 2017). Several papers

in this special issue also underscore the broader implications for
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aquatic food webs through algal effects on invertebrate colo-
nisation of leaf litter (Eckert et al., 2020) and C flow to primary
consumers, particularly the provisioning of fatty acids (Kihmayer
et al., 2020).

While this special issue highlights the ecological significance of
the autotroph-heterotroph microbial interface, notable knowledge
gaps still remain. We believe the following gaps will prove fruitful
ground to disentangling the autotroph-heterotroph interface in
freshwaters:

e Further research of autotroph-heterotroph interactions in lentic
systems is needed, given the lotic bias within this special issue
(six out of nine papers from lotic settings), and wide potential for
autotrophs to interact with heterotrophs in well-lit lake pelagic
and littoral zones and in wetlands (Paver et al., 2013; Wyatt &
Turetsky, 2015).

e Although well-studied in terrestrial soils (Bastida et al., 2019;
Kuzyakov, 2010) the influence of autotrophy on heterotrophy
and C processing, such as the priming effect, remains poorly un-
derstood in submerged or water-saturated sediments (Bengtsson
et al.,, 2018; Fortino, Hoak, & Waters, 2020; Gontikaki &
Witte, 2019). This topic is not directly addressed within this spe-
cial issue and remains a significant knowledge gap given the role
of sediments in long-term C storage in aquatic settings.

e Several studies in this special issue document positive auto-
troph-mediated priming effects on heterotrophic activity or de-
composition of recalcitrant organic matter. While these studies
add to the literature, gaps persist regarding how interactions be-
tween labile and recalcitrant organic matter affect aquatic C cy-
cling in both lotic and lentic ecosystems (Bengtsson et al., 2018;
Bianchi & Ward, 2019).

o While this special issue highlights mechanistic tests of autotroph-
heterotroph interactions, such tests are primarily derived from
relatively controlled laboratory or mesocosm settings. To date, a
limited number of direct field measures have documented auto-
troph-heterotrophic interactions under in situ conditions, a gap
that must be resolved to address ecological significance (Demars,
Friberg, & Thornton, 2020; Elosegi et al., 2018; Wyatt et al., 2019).

e This special issue frames autotroph-heterotroph interactions
under environmental variation in elemental stoichiometry, tem-
perature, and light availability, which are undergoing rapid global
change. Future research efforts should investigate how interac-
tions revealed here may explain ecological responses to warm-
ing, nutrient pollution, brownification, and interactions of these
stressors (Manning et al., 2018; Song et al., 2018; Yvon-Durocher,
Hulatt, Woodward, & Trimmer, 2017).

e Future emphasis on autotroph-heterotroph interactions will pro-
vide a novel framework to address the role of allochthony ver-
sus autochthony as the basis of freshwater food webs, namely
addressing how complex interactions may blur distinctions be-
tween allocthony/autochthony and affect food web structure,
energy flow, and nutrient transfer across ecosystems (Norman
et al.,, 2017; Sitvarin, Rypstra, & Harwood, 2016).
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