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Section 1. Introduction
Processes that connect benthic and pelagic habitats 

influence the ecology of both, particularly in ecosystems 
with large areas of benthic habitat relative to water volume 
(Vadeboncoeur et al. 2002). For example, in freshwater lakes, 
benthic primary production can account for up to 98% of 

total primary production (Vadeboncoeur et al. 2003) and in 
temperate estuarine systems, benthic microalgae + cyanobac-
teria primary production can account for up to 50% of whole 
estuarine primary production (reviewed in Underwood and 
Kromkamp 1999). Benthic secondary production in some 
lakes can also contribute to upper trophic levels equally or 
in excess of that from pelagic production (Vander Zanden 
and Vadeboncoeur 2002). Less is known about the contribu-
tion of benthic communities to production in deeper marine 
environments. Estimates from photic zone depths suggest 
that benthic community net production can occur in > 33% 
of the global shelf area (Gattuso et al. 2006). Given that the 
seabed covers about 75% of the Earth’s surface and can pro-
vide a vital habitat for benthic processes, it is likely that we are 
underestimating the ecological role of benthic habitats in the 
carbon and nutrient budgets of estuarine and oceanic ecosys-
tems (Raffaelli et al. 2003). Benthic aquatic environments are 
also becoming well recognized as important storage banks 
for propagules and diapausing eggs of many water column 
planktonic species (Lampert 1995; Boero et al. 1996; Marcus 
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and Boero 1998). Moreover, treating benthic and pelagic 
habitats as discrete entities in ecosystems with a high benthic 
to pelagic habitat ratio could generate an unrealistic view of 
food webs. This point is illustrated by the importance of both 
pelagic and benthic energy pathways in food webs in small 
lakes (Vadeboncoeur et al. 2002), intertidal ecosystems (Riera 
et al. 2002), and coastal regions (Pasquaud et al. 2010; Vinagre 
et al. 2012).

Despite the importance of benthic habitats for overall eco-
system functioning, however, benthic-pelagic coupling (here-
after referred to as ‘BPC’) processes are not well understood, 
primarily because fewer studies have been conducted in ben-
thic habitats versus pelagic habitats in aquatic ecosystems as 
a whole (Schindler and Scheuerell 2002; Vadeboncoeur et al. 
2002). Early studies on BPC mainly focused on the impacts 
of sinking pelagic primary production to the benthic habi-
tat (Hargrave 1973; Suess 1980; Smetacek 1985; Graf 1992). 
We discuss additional BPC mechanisms that are essential 
to the ecological understanding of the structure and func-
tion of aquatic ecosystems (Schindler and Scheuerell 2002; 
Chatterjee et al. 2013). There are varying definitions in the 
literature of what constitutes ‘benthic-pelagic coupling’ and 
the term tends to be loosely defined as any process that 
may influence both benthic and pelagic habitats in aquatic 
systems. This term has also been referred to as bentho-pel-
ago, bentho-pelagic, pelagic-benthic, benthic-pelagic relation-
ships, and habitat couplings (Schindler and Scheuerell 2002; 
Chatterjee et al. 2013). Here, we define BPC as benthic-pe-
lagic coupling in aquatic ecosystems involves mechanisms of 
organism movement, trophic interactions, or biogeochemical 
cycling that connect the bottom substrate and the water col-
umn and is ultimately influenced by physical forces of depth, 
light, temperature, and mixing and occurs across multiple 
spatial and temporal scales.

We use this definition to help aquatic ecological research-
ers better understand the mechanisms of BPC, the physical 
aspects that regulate them, and their anthropogenic stressors.

In this article, we first discuss the physical controls of 
BPC and suggest three essential mechanisms of BPC that 
exist along the salinity gradient from freshwater to marine 
ecosystems. We also discuss how humans physically alter the 
two habitats. At the end of the article, we review the most 
significant anthropogenic stressors that likely affect these BPC 
mechanisms and predict potential ecological responses to 
these stressors. We conclude by identifying BPC research gaps 
and by suggesting targeted future research that will improve 
our understanding of BPC in diverse systems.

Section 2. Physical aspects to benthic-pelagic 
coupling

Benthic-pelagic coupling mechanisms are controlled by 
physical factors that regulate exchange across many spatial 
and temporal scales. Stratification frequently regulates the 
degree of connectivity between benthic and pelagic habitats. 

Stratification is caused by processes and substances that dif-
ferentially alter the density of water column layers. For exam-
ple, solar radiation causes surface layers to warm more than 
deeper layers, inducing thermal stratification in many aquatic 
ecosystems. Differences in salinity between water parcels can 
also result stratification, with less-dense freshwater overtop of 
more-dense seawater.

The depth of an aquatic ecosystem is a key regulator of BPC 
because it determines the proximity and degree of interactions 
between the two environments (Schindler and Scheuerell 
2002) (Fig.!1). However, even shallow ecosystems can have 
limited benthic-pelagic interactions, as thermal stratification 
can limit the exchange of water between layers in the water 
column. For example, many shallow dystrophic bogs are 
strongly thermally stratified (Read and Rose 2013), which can 
inhibit the flux of materials through the water column. On the 
other hand, BPC mechanisms can occur at large spatial scales 
that include the great distance between the deep ocean basins 
and the upper oceanic layers. The cycling of oceanic deep 
water as part of the ‘Great Ocean Conveyor’ belt is one such 
example (Broecker 1991).

Downward irradiance couples and regulates the ecolog-
ical processes in pelagic and benthic aquatic environments 
(Flöder et al. 2006). Optical properties of the water column 
control the attenuation and spectral composition of solar 
radiation reaching the bottom, and thus regulate benthic 
primary production, oxygen dynamics, and exposure and ref-
uges of organisms to damaging ultraviolet radiation (Gattuso 
et al. 2006; Yamaguchi et al. 2007; Karlsson et al. 2009; Rose 
et al. 2009).

Temperature and salinity gradients in the water column 
determine if (and how strongly) aquatic ecosystems become 
stratified. Thermal and density stratification regulate the 
exchange of dissolved and particulate substances between the 
pelagic and benthic environments (Imberger and Patterson 
1990). Physical mixing in lake, coastal, and marine ecosys-
tems can exhibit high temporal variability and may break 
down the stratification, thereby impacting the movement 
and distribution of substances and organisms between the 
pelagic and benthic habitats (Incze et al. 1995; Hamilton 
and Mitchell 2013). The timing of processes or the water 
residence time controls the amount of carbon fluxing to 
the bottom, when microphytobenthos are food sources for 
zooplankton, and when benthic suspension feeding can sig-
nificantly reduce the phytoplankton standing stock (Cloern 
1996; Perissinotto et al. 2003; Raffaelli et al. 2003). BPC 
mechanisms in aquatic ecosystems depend on the integra-
tion of these physical forces across diel and seasonal time 
scales (Schindler and Scheuerell 2002).

Section 3. Mechanisms of benthic-pelagic coupling
We identified three major mechanisms that drive BPC: 

organism movement, trophic interactions, and biogeochem-
ical cycling (Fig. 1).
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Organism movement

Diel migrations
Benthic and pelagic habitats are connected through the 

movement of organisms via diel migrations (Fig. 1). Daily 
movements of fish and zooplankton can move substantial 
loads of nutrients between the benthic and pelagic zone in 
both freshwater and marine ecosystems (Polis et al. 1997).

The diel vertical migration (DVM) of zooplankton may be 
the largest daily movement of biomass on the planet (Hays 
2003) (Fig. 1). Typical DVM behavior is characterized by a 
downward migration by day and an upward migration at 
night. Many different zooplankton taxa exhibit DVM behav-
ior, in freshwater, coastal, and oceanic ecosystems and in 
response to a number of factors (Fiksen and Giske 1995; De 
Robertis et al. 2000; Williamson et al. 2011; Rose et al. 2012). 
Among these, predator avoidance (McLaren 1963; Zaret and 

Suffern 1976), food availability (Bollens et al. 1994), and 
changes in the light environment (spectra, polarization pat-
tern, absolute intensity, and rate of change in intensity) are 
thought to primarily drive DVM (Forward 1988; Williamson 
et al. 2011). For example, freshwater Daphnia can respond to 
both ultraviolet radiation and fish (Rose et al. 2012), whereas 
some marine copepods respond primarily to the presence of 
zooplanktivorous fishes (Bollens et al. 1992).

These migrations have important implications for the 
transport of mass and energy through the water column. DVM 
represents an active, rapid, and frequently occurring linkage 
between the benthic habitat and the upper water column. 
Zooplankton vertically transport items such as organic car-
bon, nutrients, parasites, and food resources throughout the 
water column (Williamson et al. 1996; Steinberg et al. 2000; 
Heuch et al. 2013). For example, zooplankton actively trans-
port an average of 13% of inorganic and organic nitrogen flux 

Fig. 1. Examples of processes involved with BPC mechanisms of organism movement, trophic interactions, and biogeochemical cycles in aquatic eco-
systems. Blue arrows indicate pelagic-dominated processes, and brown arrows indicate benthic dominated processes.
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between water column layers in the Sargasso Sea (Steinberg 
et al. 2002). DVM organisms also couple benthic and pelagic 
habitats indirectly through their production of marine snow 
(e.g., fecal pellets) which can support microbial production 
at depth (Steinberg et al. 2000). In marine ecosystems, the 
production of particulate and dissolved organic carbon con-
tributes to what is known as the ‘biological carbon pump’ (see 
De La Rocha and Passow 2007 for overview). These DVM 
examples illustrate the importance of organism movement to 
the ecology of benthic and pelagic habitats in both freshwater 
and marine ecosystems.

Life cycles
Benthic-pelagic coupling involves the movement of organ-

isms that inhabit the benthic habitat for one part of their life 
cycle and the pelagic zone for another, or vice versa (Marcus 
and Boero 1998) (Fig. 1). Most marine benthic macrofauna 
have pelagic larval stages that may last from hours to months 
(Eckman 1996; Marcus and Boero 1998). This larval stage is 
critical for dispersal and has implications for inter-habitat 
energy transfer since pelagic larvae are prey for pelagic pred-
ators and derive nutrients from the pelagic habitat before 
settling to the benthic habitat.

In aquatic ecosystems, organisms connect the benthic and 
pelagic zones through movement driven by ontogenetic/life 
history stages and feeding patterns (see also “Trophic inter-
actions”). Many freshwater and marine benthic macroinver-
tebrates spend the majority of their life in the benthic habitat, 
but swim up through the pelagic zone to the surface during 
emergence events (Corbet 1964). Pelagic fish and jellyfish 
prey heavily on these invertebrates during emergence, pro-
viding an influx of energy to the pelagic area from the benthic 
zone (see also “Trophic interactions,” Vander Zanden and 
Vadeboncoeur 2002; Pitt et al. 2008). Lake fishes experience 
ontogenetic shifts in behavior and feeding patterns between 
the pelagic and benthic zones. For example, juvenile bluegill 
(Lepomis macrochirus) feed on benthic macroinvertebrates 
until they reach a critical size threshold and feed primarily on 
zooplankton thereafter (Mittelbach 1981; Werner and Hall 
1988).

Many planktonic taxa in freshwater and marine systems 
have a benthic stage as part of their life cycle (i.e., mero-
plankton) and thus provide a pathway connecting the top 
of the water column to the bottom (Fig. 1). A number of 
phytoplankton taxa will produce dormant cells (thick-walled 
akinetes, vegetative cells, or spores) that sink to the sediments. 
These cells play a critical role in the long-term maintenance 
of populations as an evolutionary response to decreasing tem-
perature, light, oxygen, nutrients, or a combination of these 
cues (Fryxell 1983; Adams and Duggan 1999; Kaplan-Levy 
et al. 2010). Some cells can remain viable in the sediment 
for potentially > 100 years (Livingstone and Jaworski 1980; 
Wood et al. 2009). Using different mechanisms to re-enter 
the water column (e.g., gas vesicles, entrainment, turbulence) 

these dormant cells then form an important inoculum for 
water column populations (Hansson 1996; Lewis et al. 1999). 
Benthic recruitment from dormant stages may contribute > 
50% of the surface population of some cyanobacterial species 
during periods of peak recruitment (Trimbee and Harris 
1984; Barbiero and Welch 1992; Carey et al. 2008). Benthic 
resting stages have also been found in zooplankton (rotifers, 
tintinnids, cnidarians, cladocerans, and copepods) of fresh 
and marine ecosystems (Marcus and Boero 1998). Multiple 
scyphomedusae (Cnidaria) have a life history in which pelagic 
planulae settle on the bottom and become benthic polyps that 
then produce ephyra, the juvenile, pelagic stage of a jellyfish 
(Arai 1996). Other meroplanktonic taxa (e.g., crabs, bivalves, 
and gastropods) exhibit ontogenetic shifts in the opposite 
direction where pelagic larval stages recruit to the benthic hab-
itat to mature into adult. Scyphozoan jellyfish polyps (called 
scyphophistma) can produce podocysts, small aggregations of 
epidermal cells and amoebocytes surrounded by a chitinous 
cuticle, that can remain viable for a least 2 years (Arai 1996). 
Consequently, because many organisms spend different stages 
of their life cycle in different habitats, the full life cycle must 
be taken into account when examining pelagic or benthic food 
webs.

Organisms who occupy both benthic and pelagic habitats 
as part of their life history serve as an important BPC for two 
reasons. First, recruitment to one habitat from the other is a 
primary factor maintaining adult populations, and in turn, 
community structure. Second, immigrating organisms also 
serve as inputs of allochthonous biomass and production 
essential for ecological interactions such as predation, compe-
tition, and parasitism. Collectively, these outcomes are essen-
tial to habitat productivity and overall ecosystem function

Trophic interactions
Even though the mechanics of food webs are similar across 

ecosystems, organism interactions differ based on the species 
involved and the spatial and temporal complexity of their hab-
itat. Thus, we explore trophic interactions in lakes, estuaries, 
and marine environments separately.

Lakes
Benthic and pelagic food webs are tightly coupled at many 

trophic levels in lakes. At the base of the benthic food web, 
macrophytes and other aquatic plants are known to release 
part of their organic carbon as dissolved organic carbon 
(DOC) that can be subsequently consumed by pelagic bacteria 
(Findlay et al. 1986) and zooplankton (Speas and Duffy 1998). 
In shallow lakes, macrophytes and associated periphyton can 
be an important food source for pelagic bacteria and zoo-
plankton, providing up to half of their carbon consumption 
(de Kluijver et al. 2015).

Many fish species traditionally associated with open waters 
are also feeding heavily in benthic areas (see “Organism 
movement: Life stages and cycles”; also Vander Zanden and 
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Vadeboncoeur 2002; Solomon et al. 2011; Vander Zanden 
et al. 2011). Benthic organisms constitute a substantial pro-
portion of the diet of most fishes (Solomon et al. 2011), often 
with at least 50% of fish diets originating from the benthic 
habitat (Vander Zanden and Vadeboncoeur 2002, Henry and 
Bremigan unpubl. data). Zooplankton can also rely heavily on 
benthic food sources, such as bacteria (Rautio and Vincent 
2006) and organic carbon produced by benthic algae during 
winter (Karlsson and Säwström 2009). These benthic food 
sources may be especially important to zooplankton in shallow 
lakes (Rautio and Vincent 2006; Cazzanelli et al. 2012).

Benthic predators can also feed heavily on pelagic prey. 
Zooplankton migrating to benthic areas to find refuge from 
pelagic visual predators, especially in shallow lakes, provide 
an important prey item for benthic consumers occupying 
nearshore areas (Van de Meutter et al. 2005). Odonates, a 
group of damselflies and dragonflies including several benthic 
predators, can feed heavily on Daphnia, even when Daphnia 
have the benefit of refuges in macrophytes (Burks et al. 2002). 
Zooplankton adapted to avoiding pelagic predators exhibit 
weaker avoidance behavior in the presence of littoral or 
benthic predators (Van de Meutter et al. 2004). Detritivores 
also link benthic and pelagic zones by inhabiting benthic 
areas but deriving energy from sinking pelagic detritus (see 
also “Biogeochemical cycling: Animal nutrient excretion and 
egestion.”) These detritivores are then consumed by either 
benthic or pelagic predators, providing further evidence that 
benthic and pelagic zones are tightly linked via lake trophic 
interactions.

Estuaries
Estuarine trophic interactions can be influenced by their 

organic matter sources. Pelagic and benthic consumers tend 
to use the organic matter that is produced in the region of the 
estuary they reside (Deegan and Garritt 1997). For example, 
the upper estuarine sources of organic matter include a pelagic 
source of oligohaline phytoplankton and a benthic source of 
fresh marsh organic matter (Deegan and Garritt 1997). In 
lower estuaries, pelagic resources include marine phytoplank-
ton, and benthic resources include benthic microalgae and salt 
marsh vegetation (Deegan and Garritt 1997). Benthic infauna 
from salt marshes in the Plum Island Estuary (Massachusetts, 
USA) relied on both phytoplankton and benthic algae, and 
less than Spartina spp. detritus, even when the infauna were 
found in the saltmarsh understory (Galvan et al. 2008). The 
pelagic rhizostome jellyfish Catostylus mosaicus derived 79% 
to 100% of their carbon from emergent demersal zooplank-
ton in a coastal lagoon (Pitt et al. 2008). Crabs also consume 
both benthic and pelagic energy sources. Signa et al. (2008) 
found the swimming crab Polybius henslowii fed on a variety 
of pelagic and benthic prey. Vinagre et al. (2012) noted the 
hermit crab Pargurus sp. relied primarily on pelagic carbon 
in the Targus estuary (Bay of Biscay). The diets of European 
sea bass (Dicentrarchus labrax and D. punctatus), a sciaenid, 

Argyrosomus regius, and the European eel (Anguilla anguilla), 
in the Gironde estuary were also a mixture of supra, epiben-
thic, and pelagic prey (Pasquaud et al. 2010). Benthic suspen-
sion feeders such as bivalves can exert considerable grazing 
pressure on phytoplankton and microzooplankton. For exam-
ple, hard clams (Mercenaria mercenaria) and ribbed mussels 
(Geukensia demissa) cleared enough phytoplankton, ciliates, 
and copepod eggs to be considered an important regulatory 
factor on their biomass (Lonsdale et al. 2009). Bivalve grazing, 
in turn, can support the growth of seagrasses by improving 
water clarity (Wall et al. 2008). Thus, benthic and pelagic 
fauna can act as habitat couplers by consuming resources orig-
inating from either the water column or the sediment.

Marine systems
Marine ecosystems exhibit several examples of trophic 

interactions linking benthic and pelagic habitats. For exam-
ple, on rocky intertidal shores, the effects of nearshore 
oceanographic currents on phytoplankton and sea star prop-
agules influence the benthic community structure of mus-
sels and predation pressure by sea stars (Menge et al. 1997, 
2003). Bottom-dwelling medusa of the upside-down jellyfish 
(Cassoiopea sp.) release organic matter that is quickly taken up 
by the pelagic microbes and zooplankton (Niggl et al. 2010). 
Demersal fishes on the Bay of Biscay continental shelf are a 
key link to the benthic and pelagic food chains by consum-
ing benthic epifauna and by being a prey source for pelagic 
top-predators (Lassalle et al. 2011). Turner (2001) reviewed 
food web characteristics on continental shelves and found that 
the percentage of pelagic primary production that enters into 
the pelagic food webs is linearly and positively dependent on 
the percentage pelagic primary production delivered to the 
benthic habitat. Or, in other words, the percentage of carbon 
flowing to the benthic habitat was in direct proportion to 
pelagic grazing pressure (i.e., zooplankton fecal pellets) con-
tributing to vertical carbon flux.

In the deep sea, plankton settling from the upper water 
column provides an essential source of carbon to the benthic 
food web (Hargrave 1973; Suess 1980; Smetacek 1985). Stable 
isotopes provided evidence of continental shelf fish coupling 
benthic and pelagic production pathways (Woodland and 
Secor 2013) and also indicated that anthropogenic sewage 
pumped into the pelagic habitat from New York/New Jersey 
municipal barges enters the benthic food web through con-
sumption by deep-sea urchins and cucumbers (Dover et 
al. 1992). In northern Baffin Bay, Arctic Circle, the benthic 
amphipod Themisto libellula was a significant source of energy 
and carbon to pelagic marine mammals and epi-pelagic sea-
birds (Hobson et al. 2002). These examples from freshwater 
and marine ecosystems illustrate that predator-prey interac-
tions involving pelagic and benthic taxa inherently couples 
the two habitats by directly facilitating trophic energy transfer 
between them.
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Biogeochemical cycling
Biogeochemical cycles incorporate both the pelagic and 

benthic habitats and thus integrate processes and interactions 
in both environments. Here, we focus on how microbial pro-
cesses, cycling of nitrogen (N), phosphorus (P), carbon (C), 
and oxygen (O2), animal nutrient excretion, organism decom-
position, and bioturbation link benthic and pelagic habitats.

Nitrogen, phosphorus, and carbon cycling
There is strong cycling of nutrients and dependency 

between pelagic and benthic environments (Fig. 1). The ben-
thic biogeochemical processes are essentially driven by pelagic 
processes, fuelled by the deposition of pelagic material (e.g., 
organic matter, calcium carbonate). In response, sediments 
transform the deposited material (such as through degrada-
tion and dissolution) back into nutrients available for uptake 
in the water column.

The nitrogen (N) cycle starts with the transformation of 
inorganic nitrogen, ammonium (NH4

+), and nitrate (NO3
–), 

into organic nitrogen during primary production by benthic 
and pelagic primary producers. Some specified pelagic algae 
(nitrogen fixers) can also fix nitrogen gas (N2). Part of the 
organic nitrogen will be mineralized in the pelagic zone to 
NH4

+ and another part will sink to the benthos, where it can 
be buried or remineralized. Mineralization takes place under 
oxic conditions, which is usually in the top few centimeters 
of the sediment. The released NH4

+ can be transformed to 
NO3

– by nitrifying bacteria if oxygen is present. Hence, sed-
iments are usually sinks for organic nitrogen and sources for 
inorganic nitrogen to the water column. In anoxic parts of 
the sediments, a substantial part of NH4

+ and NO3
– is lost as 

N2 via two microbial anaerobic processes: denitrification and 
anaerobic ammonium oxidation (anammox). Denitrification 
transforms NO3

– into N2 and anammox converts NO2
– and 

NH4
+ into N2. Both processes have shown to be important in 

marine sediments, and together, they are responsible for the 
majority of global N loss from marine systems (Arrigo 2005; 
Thamdrup and Dalsgaard 2002).

Similar to N, phosphorus (P) is transformed into organic 
P during primary production and is remineralized in the 
sediment and water column. As organic P sinks to sediments, 
there is a cycling of inorganic P and phosphate (PO4

3–) 
between the pelagic and benthic zones. Phosphate adsorbs 
to sediment particles and settling sediment particles create a 
large reservoir of PO4

3– in the sediments. The adsorption and 
desorption of P is an equilibrium reaction and sensitive to 
pH and low oxygen. Under depleted oxygen concentrations 
and alterations to the redox potential, PO4

3– releases from 
sediments and can increase and influence the overlying water 
chemistry in pelagic areas (Conley et al. 2002). Often the 
mechanisms are more complex (Hupfer and Lewandowski 
2008), and an overview of uptake and release mechanisms of 
sedimentary P is given by Søndergaard et al. (2003).

Of particular interest is that several cyanobacterial taxa may 

be able to transport a substantial amount of P absorbed on 
the sediments into the water column during recruitment. For 
example, the cyanobacterium Gloeotrichia echinulata absorbs 
luxury phosphate from the sediment pore water that is trans-
ported to the water’s surface during a bloom event (Whitton 
et al. 1991; Istvánovics et al. 1993; Pettersson et al. 1993). 
Consequently, recruitment of G. echinulata into the water 
column has contributed up to ~ 66% of the total yearly inter-
nal P load in two eutrophic lakes: Green Lake, Washington, 
USA (Barbiero and Welch 1992) and Lake Erken, Sweden 
(Istvánovics et al. 1993). Several other cyanobacterial taxa have 
also been implicated in translocating P from the sediments 
to the water column (e.g., Barbiero and Kann 1994; Jacobsen 
1994; Istvánovics et al. 2002, Carey et al. 2014).

Carbon (C) is cycled via biological processes through pri-
mary production, respiration, and mineralization of organic 
matter while chemical processes take place via precipitation 
and dissolution of calcium carbonate in both pelagic and ben-
thic environments. Ocean sediments represent an important 
reservoir for calcium carbonate. There is a strong gradient of 
carbon from the surface ocean toward the ocean’s interior, 
driven by physical and biological processes, such that about 
two thirds of the surface-to-deep carbon gradient is caused by 
the biological pump (Volk and Hoffert 1985). The biological 
pump is the sinking of organic matter out of the euphotic zone 
into the deep, where it can be remineralized or buried. The 
vertical flux of biogenic carbon depends on rates of primary 
production, community respiration, and export (Rivkin and 
Legendre 2001). Integrated over the global oceans, export is 
about ~ 15% of primary production (Laws et al. 2000). The 
other pumps are the hard-tissue pump, which is the sinking of 
calcium carbonate produced by calcifying organisms and the 
physical temperature pump, driven by water temperature. Due 
to the efficient pumps, ocean sediments are long-term sinks of 
pelagic carbon and provide an essential role in BPC.

Oxygen cycling
The dissolved oxygen (DO) concentration of the water 

column is influenced by atmospheric exchange, gross primary 
production, and ecosystem respiration (Odum 1956; Solomon 
et al. 2011). When the water column is stable, DO concen-
trations usually vary within the water column (Staehr et al. 
2010). In stratified marine and freshwater systems, oxygen in 
the upper water column can be an important source of oxy-
gen to the bottom water during mixing or turn-over events 
(Robertson and Imberger 1994). The DO concentration of 
the lower water column is partially a function of the physical 
structure of the ecosystem. In ecosystems where sufficient 
light penetrates below the surface mixed layer, gross primary 
production can exceed respiration and result in a well oxy-
genated deep water layer if organic matter loads and carbon 
concentrations are low (Staehr et al. 2012). Lakes with a pro-
nounced deep chlorophyll maxima exhibit a peak in DO below 
the surface mixed layer (Sadro et al. 2011; Staehr et al. 2012).
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At the sediment-water interface, macrophytes, macroalgae, 
and microphytobenthos dominate benthic primary produc-
tion (Cahoon 1999; Karlsson et al. 2009). These sources of 
oxygen allow aerobic organisms to move freely between the 
two habitats (Fig. 1). In ecosystems where sufficient light for 
primary production does not penetrate through the entire 
water column, respiration can exceed primary production 
at deeper depths with low-light conditions and result in a 
hypoxic or anoxic bottom-water. These oxygen dynamics, in 
turn, influence sediment nutrient cycling because sediments 
act as a nutrient source or sink depending on the redox state. 
Hypoxic or anoxic conditions also affect the density and diver-
sity of organisms, with only certain taxa able to withstand low 
oxygen environments. Thus, the concentration of DO can 
help regulate how organisms and nutrients move between the 
benthic and pelagic environments.

Animal nutrient excretion and egestion
Nutrient excretion and egestion can link benthic and 

pelagic habitats via nutrient recycling or nutrient transloca-
tion (Fig. 1, see also “Trophic interactions: lakes.”) Benthic 
zebra mussels (Dreissena polymorpha) in freshwater systems 
feed on pelagic phytoplankton and then excrete dissolved 
nutrients (P and N) back into the pelagic water column, 
which can then be used by phytoplankton (Arnott and Vanni 
1996). Nutrient translocation moves nutrients across physical 
boundaries, and these nutrients are often conceptually classi-
fied as “new” nutrients stimulating new primary production 
(Caraco et al. 1992; Vanni 2002). Many organisms, including 
some benthic feeding invertebrates and fish, are considered 
nutrient translocators by consuming food (nutrients) trapped 
in the sediments and excreting these nutrients into the pelagic 
water column. For example, in U.S. reservoirs, gizzard shad 
cross-system nutrient cycling can be quantitatively important 
(Gido 2002) by supporting up to 39% of phytoplankton pri-
mary production through their nutrient excretion (Vanni et al. 
2006). Planktivorous fish can indirectly enhance macrophyte 
primary productivity in estuaries through excretion of nitro-
gen and phosphorus in littoral areas (Pinnegar et al. 2007). 
Finally, marine mammals that feed at depth and defecate feces 
into surface waters can support new primary production (i.e., 
production which would not have occurred otherwise). Lavery 
et al. (2010) found sperm whales in the Southern Ocean defe-
cating iron-rich feces into the pelagic habitat stimulated new 
primary production which was ultimately exported to the 
benthic zone.

Decomposition of organisms
Decomposing organisms can serve as another linkage 

between benthic and pelagic areas when dead pelagic organ-
isms sink to the bottom (Fig. 1). Fully decomposing carcasses 
of zooplanktivorous fish can act as a source of nutrients for 
benthic production in shallow lakes (Vanni et al. 2013). BPC 
via this mechanism of nutrient cycling is likely less important 

in deeper lakes because carcasses will generally decompose 
in profundal areas (Vanni et al. 2013). In marine ecosystems, 
epipelagic animal falls, such as jellyfish during bloom die 
offs, can transport large quantities of carbon to the bottom 
(Lebrato and Jones 2009). Aggregates of decaying phytoplank-
ton also settle onto the sediment surface and supply nutrients 
and carbon for benthic bacteria (Brunberg 1995). In marine 
systems, whale carcasses can represent a significant source of 
organic matter to benthic areas where bacteria, macroinver-
tebrates, and fish congregate to feed (Smith and Baco 2003).

Bioturbation
Sediment-dwelling organisms can also be involved in 

BPC and biogeochemical cycling (Fig. 1). In both marine 
and freshwater systems, bioturbation links the benthic to the 
pelagic by the physical mechanism of suspending sediment 
that influences phytoplankton and zooplankton recruitment 
(Marcus and Schmidt-Gengenbach 1986; Stahl-Delbanco and 
Hansson 2002; Gyllstrom et al. 2008). Bioturbation stimulates 
mineralization of organic matter and the release of nutrients 
(Hansen et al. 1998; Lohrer et al. 2004; D’Andrea and DeWitt 
2009), thereby affecting the growth of phytoplankton in the 
pelagic zone (Welsh 2003). Thus, sediment bioturbation plays 
an important role in biogeochemical cycling and plankton 
recruitment in freshwater and marine ecosystems.

Section 4: Human alterations to the benthic and 
pelagic environments

Any human activity that alters the physical habitats can 
have major ecological effects on BPC mechanisms. Such 
alterations include hardening of shorelines and coastal areas, 
extraction of natural resources (i.e., sand) and associated 
construction, removal of benthic habitat, and increased water 
withdrawal (Fig.!2).

Shoreline hardening is the placement of structures (e.g., 
concrete, riprap rock) along the shoreline to stabilize and 
prevent erosion (Fig. 2). Such shoreline hardening in lakes 
has increased the strength of mixing and wave action (Strayer 
and Findlay 2010), which can result in the uprooting of 
macrophytes (Jennings et al. 2003) and changes to nearshore 
sediments (Brauns et al. 2007). These human alterations to 
nearshore habitat can also alter the diversity of benthic macro-
invertebrate (Brauns et al. 2011) and fish (Jennings et al. 1999) 
communities. Shoreline alterations, and associated effects, 
may result in fewer or less diverse benthic prey sources and, as 
a result, the loss of predators congregating in the feeding areas. 
In summary, shoreline hardening has the potential to affect 
aspects of each BPC mechanism (Fig. 1).

The development of shorelines has also resulted in the loss 
of physical habitat, particularly coarse woody habitat (CWH), 
also known as coarse woody debris (CWD) or fallen dead trees 
in lakes (Fig. 2). As CWH is an important refuge for prey fish, 
piscivores can decimate prey fish populations to the point that 
predators switch to a more terrestrial-based diet (Sass et al. 
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2006), altering the BPC mechanism of trophic interactions.
Besides removing materials, humans have introduced man-

made structures that provide habitat for benthic organisms. 
For example, platforms associated with oil extraction and 
wind turbines (Fig. 2) in marine environments can provide 
new habitat to epibenthic prey (e.g., crabs, amphipods) and 
to their mobile demersal megafauna (e.g., crabs and lobsters) 
(Daigle et al. 2013; Krone et al. 2013). A variety of human 
structures (e.g., docks, aquaculture rafts, oil and gas platforms) 
are believed to serve as substrate for marine organisms such 
as jellyfish polyps. The proliferation of structures along coast-
lines is thought to contribute to the larger or more frequent 
appearance of blooms in coastal waters (Duarte et al. 2012). 
These benthic organisms are highly reliant on pelagic food 
sources (phytoplankton and zooplankton) (Arai 1996; Daigle 
et al. 2013), and thus provide a BPC mechanism of trophic 
interactions. Similarly, riprap rock seawalls used to stabilize 
lake shorelines can also provide habitat for benthic prey, 
such as macroinvertebrates (Schmude et al. 1998; Brauns et 
al. 2007) that are consumed by both benthic and pelagic fish 
species.

With a growing human population, there are a number of 
other demands on aquatic systems that can affect BPC mech-
anisms. For instance, the increased water withdrawals from 
freshwater systems (Fig. 2) for drinking water, industry, and 
agriculture (Cott et al. 2008; Morris et al. 2008), in addition 
to lower lake levels resulting from climate change (Angel and 
Kunkel 2010), will negatively influence the volume and levels 

of water in lakes and reservoirs and likely affect the physical 
aspect of depth that regulates many BPC mechanisms (Fig. 1).

Section 5: Stressors to benthic-pelagic coupling 
mechanisms

Marine and freshwater ecosystems are subjected to a 
variety of anthropogenic stressors that ultimately impact 
the BPC mechanisms (Lake et al. 2000; Vadeboncoeur et al. 
2002). Below we review six major stressors that impact BPC 
(Table!1). Interactions among these stressors, such as between 
eutrophication and climate change, are also likely to occur and 
influence the mechanisms involved in BPC. Other stressors, 
such as the role of ultraviolet radiation are not discussed, but 
may also have important global implications for the state of 
aquatic ecosystems (Williamson and Rose 2009; Llabrés et al. 
2013).

Nutrients and eutrophication
The enrichment of nutrients, such as nitrogen and phos-

phorus, and the ecological response via eutrophication in 
aquatic ecosystems has profound impacts on the BPC mech-
anisms of organism movement, trophic interactions, and bio-
geochemical cycles (Table 1).

Impacts to organism movement
In both fresh and marine ecosystems, the increase of toxins 

in the sediments from decomposing toxic phytoplankton that 
are often associated with eutrophication, may inhibit inverte-
brate grazers that feed among benthic substrate (Hallegraeff 
1993; Heisler et al. 2008; Trainer et al. 2012) and their move-
ment within the benthic habitat and to the water column. The 
combination of decreasing light levels and lower oxygen con-
centrations that result from nutrient enrichment may inhibit 
recruitment of phytoplankton and zooplankton from resting 
states in the sediments (see “Life cycles”) to the water column 
as part of their life cycle (McQuoid et al. 2002; Kaplan-Levy 
et al. 2010).

Impacts on trophic interactions
Overall, eutrophication results in an increase in phyto-

plankton biomass and blooms, altered phytoplankton com-
munity structure, and a decrease in benthic primary pro-
duction. As a result, whole-lake production can, under some 
circumstances, decrease at higher P levels (Vadeboncoeur et 
al. 2003). Eutrophication can cause a transition in shallow 
lakes from macrophyte to phytoplankton-dominated alternate 
stable states (Scheffer et al. 1993). In the phytoplankton domi-
nated state, low light prevents macrophytes from growing and 
resuspension of unprotected sediments by fish and storms fur-
ther decrease water transparency. Sediment nutrient release 
via resuspension also promote pelagic primary production. 
With fewer macrophytes, zooplankton do not have a refuge 
and become more susceptible to grazing by planktivorous fish.

If the euphotic zone reaches the bottom, nutrients can 

Fig. 2. Human alterations to the benthic and pelagic habitats that influ-
ence the physical constraints of the BPC mechanisms.
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stimulate growth of benthic primary producers and cause a 
shift in community structure. Nuisance macroalgae species 
tend to benefit from eutrophication and replace macrophytes, 
seagrasses, corals, and red/green algae (Valiela et al. 1997). 
Increased N loads to estuarine and marine systems can also 
induce a shift in the composition and habitat of primary 
producers, and therefore, impact the food webs (Valiela et al. 
1992; McClelland and Valiela 1998).

Harmful algal blooms (HABs) and cyanobacterial blooms 
are predicted to increase as a result of eutrophication and 
climate change (Paerl and Huisman 2008; Brookes and Carey 
2011). When the phytoplankton community shifts from edi-
ble to non-edible phytoplankton (De Bernardi and Giussani 
1990), such as cyanobacteria, the sedimentation of (dead) phy-
toplankton cells increase, thus increasing pelagic food avail-
ability for benthic consumers. Chandra et al. (2005) found a 
shift from 27% to 62% carbon contribution of pelagic sources 
to zoobenthic organisms after decades of eutrophication in 
Lake Tahoe. A tight coupling between land-derived nitrogen 
and estuarine benthic prey and predators was also shown 
with stable isotopes by Martinetto et al. (2006). Increases in 
inedible phytoplankton biomass as a result of eutrophication 
may weaken trophic linkages and the transfer of nutrients and 
carbon to higher trophic levels. Higher nutrient loading may 
also shift carbon flow within and through the ‘microbial loop’ 
(Turner 2001).

The effect on zoobenthic organisms from nutrient enrich-
ment and eutrophication depends on the amount and quality 
of the sinking organic matter. For example, high quality 
organic matter is consumed by suspension feeders, while more 
refractory organic matter (from seagrass and macrophytes) 
is a food source for deposit feeders. With increasing organic 
matter input to the sediment, the abundance of zoobenthic 
organisms will peak and then decline, but biodiversity con-
tinually decreases (Pearson and Rosenberg 1978; Heip 1995). 
When organic matter input is high, bacterial remineralization 
and respiration will consume oxygen and become greater than 
oxygen production, thus stimulating hypoxic/anoxic condi-
tions, and leading to the decline of benthic fauna.

Impacts to biogeochemical cycles
In general, the biogeochemical coupling between benthic 

and pelagic habitats seems to be significantly altered with 
eutrophication. After phytoplankton bloom events, a net 
transport downwards of nutrients and organic matter will 
occur from the pelagic zone to the benthic zone as phyto-
plankton sediment out of the water column and decompose. 
Because eutrophication will favor cyanobacterial dominance 
in both marine and freshwater systems (Paerl and Huisman 
2008), and many cyanobacteria transfer sequestered P and 
fixed N from the sediments to the water column (Barbiero and 
Welch 1992; Istvánovics et al. 1993, 2002; Carey et al. 2008), 

Table 1. Examples of how stressors impact the benthic-pelagic coupling mechanisms in freshwater and marine ecosystems.  
BP = benthic production; PP = pelagic production; OM = organic matter.

Benthic-pelagic coupling mechanisms

Stressors Organism movement Trophic interactions Biogeochemical cycles

Nutrients and eutrophication Increased sinking of 
phytoplankton (1)

Shift BP to PP. Increased food for 
zoobenthic organisms. Decreased 
pelagic trophic efficiency (2).

Increased flow of pelagic OM to sediments, 
transfer of N and P between sediments and 
water by cyanobacteria (3)

Hypoxia and anoxia Nekton move horizontally or 
vertically away (4)

Decrease sessile benthic organisms 
for demersal predators (5)

Release of NH4 and P from sediments (6)

Invasive Spp. Increased bioturbation (7) 
Increase or decrease in 
abundance of organisms with 
high movement rates

Increased/Increase of benthic 
primary production (8) Increased/
Increase of pelagic primary 
production via trophic cascades (9)

Transfer nutrients from pelagic to benthic 
zones (10) Increased nutrient release from 
sediments via bioturbation (11) Decrease oxygen 
availability via shading (12)

Overfishing Alter abundance (13) or behavior 
(14) of migratory organisms

Removal of top predators (15) Removal of filter-feeding organisms (16)

Climate change Expatriation of taxa (17). 
Distributional shifts (18)

Phenological shifts (19). Trophic 
match/mis-match (20)

Decrease vertical flux of carbon (21)

Ocean acidification Hypothetical: reduced movement 
between life stages (22)

Potential increase in benthic and 
pelagic production. Reduced 
calcification (23)

Increased export OM and decreased export 
CaCO3 alteration of nutrient uptake and release 
sediments (24)

1 = Heip et al. (1995), 2 = Turner (2001); Chandra et al. (2005), Vadeboncoeur et al. (2003), 3 = Heip et al. (1995); Carey et al. (2008), 4 = Craig and Crowder (2005); Kimmel et 
al. (2009), 5 = Pihl (1994); Powers et al. (2005), 6 = Middelburg and Levin (2009), 7 = Weber and Brown (2009), 8 = Inderjit et al. (2006), 9 = Roohi et al. (2008), 10 = Higgins 
and Vander Zanden (2010), 11 = Matsuzaki et al. (2007), 12 = Kasulo (2000), 13 = Worm et al. (2009), 14 = Madin et al. (2010), 15 = Estes and Duggins (1995), 16 = Rotschild et 
al. (1994), 17 = Doney et al. (2012), 18 = Grebemeir et al. (2010), 19 = Kirby et al. (2007), 20 = Edwards and Richardson (2004), 21 = Fulweiler and Nixon (2009), 22 = Kroeker 
et al. (2010), 23 = Fabry et al. (2008); Andersson et al. (2011); Riebesell and Tortell (2011), 24 = Riebesell et al. (2007); Widdicombe and Needham (2007).
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it is possible that cyanobacteria will create a positive feedback 
in which they increase epilimnetic nutrient concentrations 
during bloom events and potentially accelerate or intensify 
eutrophication (Carey et al. 2008; Carey and Rengefors 2010).

Increased benthic production can largely uncouple biogeo-
chemical cycling between the sediments and the water column 
(Valiela et al. 1997). Macrophytes (growing in benthic zones) 
can reduce internal P loading in lakes by preventing sediment 
resuspension (Horppila and Nurminen 2003; Søndergaard 
et al. 2003), through the uptake of P from the sediment 
(Horppila and Nurminen 2003), and by oxidizing the sedi-
ment-water interface, further encouraging the binding of P to 
Fe (Carpenter et al. 1983; Søndergaard et al. 2003; Boros et al. 
2011). In the heavily eutrophicated Skive Fjord (Denmark), 
especially severe cases of oxygen depletion take place in years 
with mass occurrence of jellyfish because the jellyfish elimi-
nate the grazing impact of zooplankton on the blooming algae. 
The algae settle to the bottom where they are subsequently 
decomposed, leading to more severe oxygen depletion and 
filter-feeding mussel death. This further escalates the issue and 
impacts the ecosystem services the mussels provide (Møller 
and Riisgård 2007).

Hypoxia and anoxia
Bottom-water hypoxia (≤2.0 mg O2 L

–1) or the lack of oxy-
gen (anoxia) impacts the BPC of aquatic ecosystems (Diaz 
and Rosenberg 2008; Zhang et al. 2010) by directly affecting 
the behavior and survivability of pelagic and benthic organ-
isms and their movement between the habitats (life stages or 
life cycles; diel migrations; resting stages). This subsequently 
interferes with their interactions in the local food webs. 
Hypoxia thresholds vary greatly across benthic organisms. 
Whereas 2.0 mg O2 L

–1 is frequently used as a hypoxia thresh-
old, this concentration is below an empirical sublethal or 
lethal limit for about 50% of species, implying that the extent 
of hypoxia may be greatly underestimated (Vaquer-Sunyer 
and Duarte 2008). Low-oxygen concentrations in the bottom 
water and sediment surface alter the biogeochemical cycles 
dependent on the redox state and concentrations of solutes in 
the pelagic and benthic habitats.

Impacts to organism movement
Many pelagic and benthic nekton detect low oxygen con-

ditions and move horizontally or vertically away, thus forcing 
them into new habitat and predator-prey interactions (Craig 
and Crowder 2005; Craig et al. 2005; Switzer et al. 2009). 
Mesozooplankton also avoid the deeper hypoxic bottom 
waters (Kimmel et al. 2009). The meroplankton of the com-
mon polychaete, Paraprionospio pinnata delayed settlement 
in the northern Gulf of Mexico and remained in the water 
column until higher oxygen concentrations (>2.0 mg O2 L

–1) 
returned (Powers et al. 2001), thus influencing the dynamics 
of the water column by remaining there longer and affect-
ing the sediment community composition by delaying their 

arrival. When benthic organisms are stressed under low 
oxygen conditions, they tend to reduce their efforts of bio-ir-
rigation and bioturbation, which has profound impacts to the 
biogeochemical cycles (Middelburg and Levin 2009) such as 
decreasing the exchange of nutrients and oxygen between the 
sediment and overlying water (Aller 2001).

Impacts to trophic interactions
Bottom-water hypoxia in marine coastal waters signifi-

cantly decreases the abundance, diversity, and biomass of ses-
sile benthic infauna such as barnacles, polychaetes, and mol-
luscs (Diaz and Rosenberg 1995; Rabalais et al. 2001; Baustian 
and Rabalais 2009; Seitz et al. 2009), which can impact demer-
sal predators by decreasing and changing the composition of 
their available prey (Pihl 1994; Powers et al. 2005; Baustian 
et al. 2009). However, some demersal predators, such as spot 
(Leiostomus xanthurus) and cownose rays (Rhinoptera bona-
sus) in marine systems and mudminnows (Umbra limi) in 
lakes, may take advantage of the stressed benthic fauna and 
dive into hypoxic bottom water to forage (Pihl et al. 1992; 
Rahel and Nutzman 1994; Craig et al. 2010). In Lake Erie, 
hypoxic bottom water forced yellow perch to increase their 
amount and proportion of zooplankton (pelagic prey source) 
from their typical benthic prey sources of macroinvertebrates 
(Roberts et al. 2009), thus illustrating that hypoxia can decou-
ple the trophic interactions between benthic prey and pelagic 
predators. Hypoxia can also affect the structure of coastal 
marine food webs by excluding some taxa and favoring those 
relatively more tolerant of low oxygenated waters such as 
jellyfish (Graham et al. 2001; Purcell et al. 2007). Low oxygen-
ated waters may indirectly enhance consumption of hypox-
ia-stressed zooplankton and fish early life stages by reducing 
their ability to escape predation.

Impacts to biogeochemical cycles
Hypoxia and anoxia alter the oxidative states and biogeo-

chemical processes that link the benthic and pelagic environ-
ments. During anoxia, nitrification rates decline with the con-
sequence that denitrification rates decrease (Middelburg and 
Levin 2009). This loss of denitrification implies a higher recy-
cling efficiency of nitrogen at the ecosystem level and can pro-
mote the eutrophication potential (Soetaert and Middelburg 
2009). Hypoxia also results in release of manganese, iron, 
and elements such as phosphorus that are intimately linked 
to metal oxides. In the Baltic Sea, annual changes in dis-
solved inorganic phosphate water pools have been positively 
correlated with deep-water oxygen concentrations (Conley 
et al. 2002). Enhanced recycling of ammonium and phos-
phate under hypoxic bottom waters may lead to secondary 
eutrophication phenomena (Cloern 2001; Kemp et al. 2005; 
Middelburg and Levin 2009). Anoxia is often coupled to 
increased CO2 release and therefore exacerbates ocean acidifi-
cation at the seafloor (Cai et al. 2011).
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Invasive species
Invasive species pose a major threat to both freshwater 

and marine ecosystems (Dudgeon et al. 2006; Molnar et al. 
2008). The mechanisms by which invasive species impact BPC 
are species-specific; some invaders may influence all three 
mechanisms, whereas others may impact only one (Table 1). 
The direction of their effects on BPC mechanisms is also spe-
cies-specific; some invasions result in greater integration of 
benthic and pelagic energy pathways, whereas others reduce 
connections. The following section illustrates the range of 
impacts of invasive species on BPC, but is not an exhaustive 
review.

Impacts to organism movement
Invasive species that exhibit any of the behavioral or life 

history traits listed in the “Organism Movement” section 
(above) that can link benthic and pelagic energy pathways 
have the potential to influence BPC. For example, common 
carp (Cyprinus carpio) are a widely introduced freshwater 
species that reduce the contribution of the benthic production 
to overall ecosystem productivity via their activity of bioturba-
tion. Carp disturb benthic sediments and uproot macrophytes 
through their foraging behavior, reducing light penetration 
and suppressing macrophyte growth (e.g., Weber and Brown 
2009). In combination, the foraging behaviors of carp decou-
ple benthic processes from pelagic and shift systems from 
macrophyte- to phytoplankton-dominated states (Scheffer et 
al. 1993).

Impacts to trophic interactions
A number of invasive species alter food webs. Perhaps the 

best freshwater example of an invasive species altering BPC 
via effects on trophic interactions is the zebra mussel. These 
bivalves are native to the Ponto-Caspian region but have 
invaded inland lakes and streams throughout Europe and 
North America (Hebert et al. 1989; Karatayev et al. 1997). 
Zebra mussels are filter-feeders capable of removing high 
volumes of phytoplankton from the water column. In doing 
so, they can cause “benthification” of invaded systems (e.g., 
Mills et al. 2003; Higgins and Vander Zanden 2010); that 
is, a drastic reduction in pelagic production and increase in 
benthic production. Although zebra mussel larvae (known 
as veligers) are pelagic, consume pelagic phytoplankton, and 
serve as a diet item for pelagic fishes (Molloy et al. 1997), the 
transfer of energy and nutrients from the pelagic to the ben-
thic zones caused by the filter feeding rates of adult mussels 
far outweighs the impact of larval veligers moving from the 
benthic to the pelagic environment (MacIsaac et al. 1992). In 
marine systems, invasive oysters (Family Ostreidae) can cause 
benthification via similar mechanisms (e.g., Ruesink et al. 
2005; Sousa et al. 2009).

In some cases, invasive species can truncate food webs 
and decouple energy pathways. For example, the invasive 
marine benthic macroalga Caulerpa taxifolia can cover large 

portions of benthic substrates in coastal zones at extremely 
high biomass, outcompeting native taxa such as seagrass (Bax 
et al. 2003; Inderjit et al. 2006). Although Caulerpa increases 
benthic primary production, benthic secondary production 
is reduced due to declines in many benthic invertebrates 
and fishes that cannot effectively consume the invasive algae 
(e.g., Boudouresque et al. 1995). Conversely, invasive pred-
ators can increase pelagic primary production via classic 
predator-driven trophic cascades (cf. Carpenter et al. 1985). 
For example, in European marine systems, predation by the 
invasive comb jelly Mnemiopsis leidyi (Phylum Ctenophora) 
on crustacean zooplankton decreased zooplankton grazing 
pressure on phytoplankton, leading to increased pelagic pro-
duction and reducing light to the benthic habitat (Roohi et 
al. 2008). However, these increases in primary production do 
not correspond with increased secondary production of con-
sumers, because invasive comb jellies are associated with the 
collapse of pelagic fishes (Shiganova et al. 2004).

Impacts to biogeochemical cycling
Invasive species can impact biogeochemical cycles in 

addition to altering trophic interactions and/or organism 
movement. For example, through their foraging behaviors, 
common carp release nutrients from sediments, increasing 
nutrients available for phytoplankton growth (Matsuzaki et al. 
2007). Conversely, zebra mussels concentrate nutrients from 
the pelagic habitat to the benthic habitat through excretion 
of pseudo-feces (Higgins and Vander Zanden 2010). Invasive 
floating aquatic plants such as water hyacinth (Eichhornia 
spp.) alter oxygen cycling by shading out other forms of 
primary production, leading to increased decomposition of 
phytoplankton and increase in the frequency and severity of 
anoxic conditions (Kasulo 2000).

Overfishing
Similar to invasive species, the mechanism by which over-

fishing influences BPC is specific to the species being fished 
and the method of fishing. We highlight here some of the 
best known examples of ways in which overfishing can affect 
benthic and pelagic energy pathways, but this is not intended 
to be an exhaustive list.

Impacts to organism movement
Fishing can alter the abundance (e.g., Anderson et al. 2008; 

Worm et al. 2009) and the behavior (e.g., Uusi-Heikkilä et al. 
2008; Madin et al. 2010) of target organisms and their prey, 
both of which can alter the magnitude of energy transfer 
between the benthic and pelagic zones due to changes in 
organism movement.

Impacts to trophic interactions
Fishing directly influences the BPC by altering trophic 

interactions (Table 1). In many cases, fishing targets predators 
and their removal can lead to trophic cascades. For example, 
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historical overharvest of sea otters reduced their predation 
pressure on urchin populations, leading to reductions in ben-
thic primary production via urchin destruction of kelp forests 
(Estes and Duggins 1995). Similarly, overharvest of sharks 
has led to increased ray populations, which have devastated 
benthic mollusc populations along U.S. East Coast (Myers et 
al. 2007). Although the effects of overfishing in fresh waters 
are not well understood (Allan et al. 2005), fishing of inland 
waters can certainly influence pelagic primary productivity 
and thus BPC mechanisms of trophic interactions and biogeo-
chemical cycles (e.g., Carpenter and Kitchell 1996).

Impacts to biogeochemical cycling
Overfishing can alter biogeochemical cycling through 

effects on target organisms and indirect effects on habi-
tat. For example, overfishing played a role in the massive 
decline of American oysters in the Chesapeake Bay, leading 
to subsequent decreases in benthic production and increase 
in eutrophication as the filtering capacity of phytoplankton 
by the oyster stock declined (Rotschild et al. 1994). Fishing 
methods such as bottom trawling can alter benthic habitat and 
production (Jennings et al. 2001). Bottom trawling impacts 
the BPC mechanism of biogeochemical cycles via altering the 
benthic carbon, nitrogen and oxygen fluxes, and the mecha-
nism of organism movement by eliminating the bioturbators 
(Duplisea et al. 2001; Lohrer et al. 2004).

Climate change
Few studies have reported impacts of climate change to the 

BPC in aquatic ecosystems (Edwards and Richardson 2004; 
Fulweiler and Nixon 2009; Nixon et al. 2009) and far more 
research has focused on pelagic systems (Grall and Chauvaud 
2002). Here, we describe how changes (i.e., temperature, pre-
cipitation, and wind speed) in climate both directly and indi-
rectly affect physical characteristics and mechanisms of BPC.

Climate changes can directly impact the physical charac-
teristics of aquatic ecosystems that regulate benthic-pelagic 
interactions, such as light attenuation and wind speed, and 
in many aquatic ecosystems, they may already be changing. 
For example, a warmer climate may increase water-column 
stratification and extend the duration of ice-free periods 
(Magnuson 2000; Jankowski et al. 2006). Widely observed 
changes in dissolved organic carbon, resulting from changes 
in temperature, precipitation, soil moisture, and solar radi-
ation (reviewed in Jennings et al. 2010), may be altering 
water-column transparency, which has indirect implications 
for benthic-pelagic interactions (Rose et al. 2009).

Greater variability in precipitation could also lead to flood-
ing and drought conditions. With flooding or sea-level rise, 
BPC may increase over short timescales as increased precip-
itation inundates and produces new benthic areas (Ackleson 
2003). However, flooding or sea-level rise could also limit 
BPC because it may increase the depth or distance between the 
pelagic and benthic habitats. Drought will likely reduce these 

habitats and decrease the depth of the water column, but it 
could increase the benthic-pelagic interactions per unit of vol-
ume. Therefore, we still have much to learn about how water 
levels will influence the coupling between benthic and pelagic 
habitats (Miranda et al. 2001). Not only does climate change 
impact these physical characteristics of aquatic ecosystems, it 
also affects the three key BPC mechanisms.

Impacts to organism movement
Reduced sea ice as a result of increased water temperatures 

in polar ecosystems provide the most stark examples of how 
climate change is affecting organism movement as a BPC 
mechanism. In the northern Bering Sea ecosystem, where 
the majority of ice-edge primary production is consumed 
by benthic organisms (due to limited zooplankton grazing 
in early spring), reduction in sea ice has caused a shift from 
an ice-dominated system favoring benthic communities to 
an open-water system favoring pelagic species (Grebmeier 
et al. 2006; for review see Doney et al. 2012). The distribu-
tion of pelagic and demersal fishes has expanded poleward 
(Grebmeier et al. 2006; Grebmeier et al. 2010). Declines in 
benthic prey due to a reduction in phytoplankton carbon sup-
ply from surface waters has caused apex predators dependent 
on benthic prey, such as gray whales, to shift their foraging 
ranges northward (Moore et al. 2013). Years with reduced sea 
ice in the Chukcki Sea caused Pacific walrus (Odobenus ros-
marus) to arrive earlier and stay longer and highly concentrate 
foraging efforts in nearshore areas rather than offshore waters 
(Jay et al. 2012).

Impacts to trophic interactions
Climate changes will impact trophic interactions in many 

ways and cross trophic levels, from phytoplankton to fish 
(Kirby et al. 2007). Changes in stratification, concurrent with 
changes in temperature and wind speeds, will alter phyto-
plankton community structure, as nutrient-limited taxa will 
likely be negatively affected by the increased stratification. 
Climate determines the latitudinal distribution of marine 
eukaryotic phytoplankton taxa by regulating wind-driven 
turbulent mixing, which in turn, regulates nutrient fluxes 
that determine distributions of optimal cell sizes and species 
abundance (Falkowski and Oliver 2007). In response to rising 
temperatures, smaller phytoplankton species are expected to 
increasingly dominate (Moran et al. 2010). For example, in 
warm, oligotrophic waters, picophytoplankton are expected to 
become much more important contributors to total biomass 
and production (Agawin et al. 2000).

Rising temperatures will likely also shift the timing of phy-
toplankton blooms and the recruitment time of consumers. 
The level of responses to temperature will differ throughout 
the benthic and pelagic communities and the seasonal cycle, 
leading to a mismatch between trophic levels and functional 
groups (Edwards and Richardson 2004). For example, Winder 
and Schindler (2004) showed that increasingly warmer springs 
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disrupted phytoplankton-zooplankton trophic interactions 
due to different sensitivities to warmer water temperature. 
Climate changes can also directly impact the BPC of food webs 
by altering the growth and survival of organisms (or life-stages 
within an organism’s life cycle) in either benthic or pelagic 
habitats. For example, Kirby et al. (2007) showed that benthic 
echinoderm larvae thrived as a result of warmer conditions 
and affected both the quantity and quality of phytoplankton 
food resources.

Impacts to biogeochemical cycling
Changes in temperature might have direct effects on metab-

olism of organisms and timing of biological events. Given that 
respiration has higher activation energy than primary produc-
tion (Yvon-Durocher et al. 2012; Vaquer-Sunyer and Duarte 
2013), climate change is also expected to affect the metabolic 
balance of aquatic ecosystems, and warmer climates may shift 
more systems to net heterotrophy. These results, coupled with 
greater duration of stratification and lower transparency, may 
increase eutrophication and hypoxia in both freshwater and 
marine ecosystems. Additionally, warming is expected to shift 
the partitioning of organic carbon between the particulate 
and dissolved phase toward an enhanced accumulation of 
dissolved organic carbon (Zhang et al. 2010). Observed wide-
spread increases in dissolved organic carbon of lakes may be 
reducing transparency, thereby reducing benthic production 
and benthic-pelagic exchange of energy and mass (Monteith 
et al. 2007; Read and Rose 2013). This shift may cause a 
decrease in the vertical flux of particulate organic matter to 
the benthic habitat and a decrease in remineralization depth 
(from Riebesell et al. 2009). Warmer winters and increased 
cloudiness in the last 100 years of Narragansett Bay has been 
shown to change the timing of phytoplankton blooms and 
decrease their biomass during blooms. Thus, decreased carbon 
loading to the benthic habitat has decreased sediment oxygen 
consumption and nutrient fluxes (Fulweiler and Nixon 2009; 
Nixon et al. 2009). As temperature increases, the microbial 
biomass and activity become more important in the water 
column and because they have lower sinking rates than phy-
toplankton, they will negatively influence the benthic produc-
tivity (Wiklund et al. 2009).

Ocean acidification
Rising atmospheric CO2 is causing changes in seawater 

chemistry including decreasing pH (hence acidification), 
increasing CO2 (carbonation) and dissolution of calcium car-
bonate. Changes in seawater chemistry might have a range of 
biological effects, some related to direct impacts of pH changes 
on physiological processes of organisms. Other direct effects 
could be on carbon-related processes, such as calcification 
or photosynthesis. An indirect effect might be a pH induced 
change of substrate availability, due to kinetic effects on nutri-
ent and metals speciation. A recent meta-analysis shows that 
ocean acidification leads to decreased survival, calcification, 

growth, development, and abundance in a broad range of 
marine organisms (Kroeker et al. 2013). Indirect effects are 
also very important. For example, species interactions, nutri-
tional status, source population, and water temperature affect 
taxa-specific responses (Kroeker et al. 2013). Despite these 
effects, there is also reason to believe that marine biota may be 
more resistant to ocean acidification than many early studies 
have predicted because active biological processes and small-
scale temporal and spatial pH variability may protect marine 
biota in situ (Hendriks et al. 2010).

Impacts to organism movement
Very little is known about potential impacts of ocean acidi-

fication on organism movement. Based on general knowledge 
and few studies, the expected effect is likely a decrease organ-
ism movement. Early-life history stages of some invertebrates 
might be more sensitive to CO2 than juveniles or adults 
(Kroeker et al. 2010). Early settlement mortality in bivalves 
was found to be affected by a reduction in the aragonite 
saturation state at the sediment surface (Green et al. 2009). 
However, greater sensitivity of early life history stages is not 
universal across taxa (Kroeker et al. 2013).

Impact on trophic interactions
Most CO2 perturbation studies focused on single species or 

small communities, so food web predictions are mostly based 
on hypotheses. However, evidence suggests that interactions 
are an important regulator of individual species responses 
(Kroeker et al. 2013). Ocean acidification might change phy-
toplankton production and composition. Experiments with 
single plankton species indicate that some species benefit from 
ocean acidification because of increased CO2 availability, while 
others are harmed, i.e., by reduced calcification (see review by 
Riebesell and Tortell 2011). Benthic primary producers might 
respond differently and could benefit from increased CO2. 
Seagrasses, which appear to be limited by CO2 availability, 
respond positively to increased CO2 (reviewed in Andersson 
et al. 2011). These changes in autotrophic community com-
position might affect consumers, but these effects are not well 
studied. de Kluijver et al. (2013) found slightly lower grazing 
by zooplankton at higher CO2 in mesocosm experiments. 
Grazers were found to mediate both ocean acidification and 
climate change effects on seagrasses (Alsterberg et al. 2013).

Noncalcifying organisms are likely favored over calcifying 
ones; for example, negative effects of ocean acidification are 
found on calcifying organisms—both in pelagic and benthic 
environments—such as coral, molluscs, pteropods, calcifying 
algae (Kroeker et al. 2010). Lowering of the calcium carbon-
ate saturation state hampers calcification, and dissolution of 
existing calcium carbonate structures can occur when systems 
become undersaturated; the latter are conditions expected 
for future deep and/or polar regions (reviewed in Fabry et al. 
2008). In systems with natural CO2 gradients, such as around 
volcanic vents, typical tidal communities with calcareous 
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organisms shifted to communities with higher seagrass pro-
duction and less calcareous organisms (Hall-Spencer et al. 
2008). How shifting carbonate chemistry affect trophic inter-
actions in BPC remains a critical knowledge gap.

Impacts on biogeochemical cycling
A reduction in seawater pH can directly affect biochemical 

processes and was found to increase the nitrate uptake and 
ammonium release in sediments and to decrease nitrite release 
and phosphate uptake (Widdicombe and Needham 2007). 
An increase in CO2 availability can increase the biological 
consumption of carbon relative to N and P (Riebesell et al. 
2007), with an increased export potential depending on the 
state of the food web (Thingstad et al. 2008). Consequently, 
ocean acidification or ocean carbonation might stimulate the 
biological pump and the flux of organic carbon to the seafloor. 
Indeed, a small increase in the sinking of fresh material with 
increasing CO2 was observed by de Kluijver et al. (2013). In 
a modeling study, the export of material with high carbon 
content could potentially increase bottom-water hypoxia 
(Oschlies et al. 2008). However, ocean acidification causes dis-
solution of CaCO3 in the water (and sediment), so the strength 
of the carbonate pump could also be reduced (Riebesell et al. 
2009).

Section 6: Conclusions
By reviewing and synthesizing the available literature, we 

found that the BPC processes can be classified into three main 
mechanisms: organism movement, trophic interactions, and 
biogeochemical cycling. Interactions with physical forcing, 
such as light levels, thermal stratification, and mixing regime, 
are essential for controlling how the benthic and pelagic habi-
tats interact across various spatial and temporal scales.

Although studies focused on benthic-pelagic connections 
have increased over the last several decades, some topics 
remain largely unexplored. The linkages between pelagic and 
benthic habitats in food webs tend to be better studied in 
freshwater lakes than marine systems, whereas the role of ben-
thic microalgae in food webs, such as diatoms, tends to be bet-
ter researched in marine coastal systems (Vadeboncoeur pers. 
comm.). Whereas there have been a number of studies on 
impacts of stressors such as climate change and ocean acidifi-
cation on benthic or pelagic environments, very little research 
has been conducted on how the coupling will be affected. For 
example, climate change in freshwater and marine ecosystems 
will cause fluctuations in water level, likely triggering large 
effects on BPC mechanisms of organism movement, trophic 
interactions, and biogeochemical cycles. It is also unknown 
how the interactive effects of multiple stressors will impact 
BPC mechanisms, but given that multiple stressors frequently 
affect organisms and biogeochemical cycles, it is likely that 
BPC will also be affected in multi-stressor scenarios.

Proper quantification and development of novel tools 
are needed to refine methodology in researching the BPC 

mechanisms (Raffaelli et al. 2003). For example, quantifica-
tion of BPC strength and duration needs further research. 
Integration of BPC mechanisms in aquatic ecological research 
is important during both hypothesis development and project 
planning (Boero et al. 1996; Raffaelli et al. 2003). To address 
these research gaps and needs, we advocate for more collabo-
ration among benthic and pelagic habitat specialists and fresh 
and marine ecologists because it can greatly improve holistic 
approaches in aquatic ecosystem ecology (Peterson et al. 2000; 
Raffaelli et al. 2003).
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