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Blowin’ in the wind: reciprocal airborne carbon
fluxes between lakes and land !

M. Jake Vander Zanden and Claudio Gratton

Introduction

Abstract: Ecologists are increasingly interested in how disjunct habitats are connected through the cross-habitat movement
of matter, prey, nutrients, and detritus and the implications for recipient systems. The study of lake ecosystems has been
dominated by the study of pelagic (open-water) production and processes, though there is growing awareness of the role
of terrestrial inputs and benthic trophic pathways. Here, we review the phenomena of airborne fluxes to and from lakes.
We assemble published data on terrestrial particulate organic carbon (TPOC) deposition to lakes, insect production, and in-
sect emergence and use these data to simulate how airborne lake-to-land and land-to-lake carbon flux is expected to scale
with ecosystem size, while taking into account among-lake variability in emergence and TPOC deposition. Emergent insect
flux to land increases as a function of lake size, while TPOC deposition to lakes decreases as a function of lake size.
TPOC deposition exceeds insect emergence in small lakes, while in large lakes, insect emergence exceeds TPOC deposi-
tion. We present a general framework for considering directional fluxes across habitat boundaries. Furthermore, our results
highlight the overarching role of ecosystem geometry in determining insect emergence, airborne carbon deposition, and
net carbon flux between adjacent ecosystems.

Résumé : Les écologistes sont de plus en plus intéressés a savoir comment les habitats séparés sont reliés par des mouve-
ments croisés de la matiére, des proies, des nutriments et du détritus entre les habitats et aussi a en connaitre les conséquen-
ces sur les systemes récipiendaires. L’étude des écosystemes lacustres a ét€ dominée par la détermination de la production
et des processus pélagiques (en eau libre), bien qu’il y ait une perception croissante du role des apports terrestres et des
voies trophiques benthiques. Nous faisons une rétrospective du phénomene des flux atmosphériques provenant des lacs et y
aboutissant. Nous rassemblons les données publiées sur les précipitations de carbone organique particulaire terrestre (TPOC)
dans les lacs, sur la production des insectes et sur I’émergence des insectes et nous utilisons ces données pour simuler com-
ment les flux atmosphériques de carbone du lac vers le milieu terrestre et du milieu terrestre vers le lac sont fonction de la
taille de 1’écosysteme, tout en tenant compte de la variabilité¢ de I’émergence et des précipitations de TPOC entre les lacs.
Le flux d’insectes émergés vers le milieu terrestre augmente en fonction de la taille du lac, alors que les précipitations de
TPOC dans les lacs diminuent en fonction de la taille du lac. Les précipitations de TPOC sont supérieures a 1’émergence
des insectes dans les petits lacs, alors que, dans les grands lacs, I’émergence des insectes dépasse les précipitations de
TPOC. Nous présentons un cadre général pour 1’étude des flux directionnels a travers les frontieres des habitats. De plus,
nos résultats soulignent le role prédominant de la géométrie de I’écosysteme dans la détermination de I’émergence des in-
sectes, des précipitations atmosphériques de carbone et du flux net de carbone entre les écosystemes adjacents.

[Traduit par la Rédaction]

Scheuerell 2002; Vadeboncoeur et al. 2002; Cole et al.
2006). This expanding view parallels the more general ac-
knowledgement that disjunct habitats can be coupled via

A paradigm forged on the belief that what matters hap-
pens in the open-water pelagic just had to change.

The above quote from Reynolds (2008, p. 527) adds to a
growing chorus of challenges to the long-standing “pelagio-
centric” paradigm of lake ecosystem function (Schindler and

food web linkages and that these cross-habitat couplings
can have important implications for recipient food webs
(Polis et al. 1997, 2004). Habitats can be linked through the
movement of predators, prey, detritus, or nutrients — such
linkages many be ultimately driven by migration, gravity,
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Fig. 1. A generalized north-temperate lake. Left side: some of the major carbon flow pathways. Right side: cross-habitat linkages considered

in this paper. TPOC, terrestrial particulate organic carbon; CWH, coarse woody habitat.

currents of water and air, or human activities. These cross-
habitat linkages can have important implications for the dy-
namics of recipient systems. Notable examples include ma-
rine inputs subsidizing desert island food webs off the coast
of Baja California, Mexico (Polis and Hurd 1995, 1996) and
the reciprocal cross-habitat food web linkages involving
small streams and their surrounding riparian habitat (Nakano
et al. 1999; Nakano and Murakami 2001).

In contrast with many terrestrial continental ecosystems,
lakes have often been envisioned as habitat islands in a sea
of land (Forbes 1887). Conveniently, they have discrete bor-
ders, and for the purpose of investigations, can be viewed as
“closed” ecosystems. This feature makes them appealing
systems for ecological and biogeochemical study, and sev-
eral important ideas in the history of ecology derive from
the study of lakes as habitat islands (Lindeman 1942;
Hutchinson 1959; Carpenter et al. 1985). At the organismal
level, it is true that many of the dominant and well-studied
lake inhabitants such as fish are confined to lakes for the en-
tirety of their lives. On the other hand, it is widely recog-
nized that lakes are subject to a directional flux of
sediments and nutrients from land (Sharpley et al. 1994;
Carpenter et al. 1998; Smith and Schindler 2009). Human
activities such as agriculture and urbanization greatly exac-
erbate nutrient inputs to lakes, with major environmental
and economic consequences (Sharpley et al. 1994; Carpen-
ter et al. 1998). In addition, many lakes are net heterotro-
phic systems, necessitating carbon inputs from outside the
system (del Georgio and Peters 1994; del Giorgio et al.
1997; Hanson et al. 2003).

The unidirectional nature of the paradigm of lake-land
linkages contrasts with the situation for stream ecosystems.
Early research and conceptual models in stream ecology
highlighted the dominant role of allochthonous inputs as a
driver of stream ecosystem carbon and energy budgets
(Fisher and Likens 1973; Hynes 1975; Vannote et al. 1980).
Upstream—downstream as well as lateral (i.e., main channel —
floodplain) habitat linkages have been challenging to study,
but are well-integrated into stream ecologists’ worldview
(Vannote et al. 1980; Junk et al. 1989; Malmqvist 2002),
such that streams are generally viewed as a tightly inte-

insect emergence

grated part of the broader watershed ecosystem (Hynes
1975; Allan 1995; Malmgqvist 2002). One contributing factor
is that lotic systems tend to be more compact in spatial ex-
tent relative to lentic systems: the land—water ecotone for
streams is visually obvious, and the fact that terrestrial vege-
tation often overhangs streams is a further reminder of the
potential for connectivity between streams and the surround-
ing terrestrial landscape. In the last decade, a body of exper-
imental research has elucidated the interconnectivity and
interdependence of stream and terrestrial food webs (Nakano
et al. 1999; Nakano and Murakami 2001; Baxter et al. 2005).
Perhaps it is not surprising that our understanding of the
relevant processes linking aquatic and terrestrial habitats
(i.e., secondary production, aquatic insect emergence) de-
rives primarily from research on stream ecosystems. In this
paper we address airborne cross-habitat linkages involving
lake ecosystems, with emphasis on integrating our current
understanding of land-to-lake and lake-to-land linkages. We
use carbon as a currency for the ecosystem because it is the
most commonly used unit for studies of ecosystem produc-
tion and energy flow, though ecosystem fluxes could also
be represented using mass, energy, phosphorus, or nitrogen.
We start by providing a thumbnail sketch of carbon flows
in a generalized north-temperate lake ecosystem (Fig. 1, left
side). At the base of the food web, in-lake (autochthonous)
primary production occurs in both pelagic (phytoplankton)
and benthic (periphyton) habitats. Lakes also receive al-
lochthonous carbon (in various forms) from the watershed,
providing an additional potential carbon source to the base
of the food web. Dominant primary consumer groups are
zooplankton and zoobenthos — these groups rely on a varia-
ble mix of terrestrial, benthic, and pelagic carbon sources.
There may be additional invertebrate trophic levels (inverte-
brate predators) within both zooplankton and zoobenthos.
These groups provide food for invertivorous fishes, which in
turn may be fed upon by piscivorous fishes. The central foci
of this paper are nonmicrobial food web linkages that sup-
port higher trophic levels such as fishes. Lake-wide carbon
cycling and microbial processes are beyond the scope of this
paper and have been addressed elsewhere (del Georgio and
Peters 1994; del Giorgio et al. 1997; Hanson et al. 2003).
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Land-to-lake linkages

Lakes, by definition, tend to occupy low spots or depres-
sions on the landscape. As a result, they are subject to the
downhill, gravity-driven delivery of terrestrial-derived mate-
rials: organic and inorganic matter, organisms, and nutrients
(Likens et al. 1970). Pathways for this land-to-lake transport
include stream inflows, groundwater, and wet or dry airborne
deposition (Fig. 1, right side). We review these land-to-lake
linkages below, emphasizing the role of airborne pathways.

Nutrient loading to lakes

By far the most well-documented linkage between lakes
and land is the input of terrestrial-derived nutrients into lakes
(Hasler 1975; Sharpley et al. 1994; Carpenter et al. 1998). A
large body of research has since linked excess loading of
phosphorus from agricultural, municipal, and industrial sour-
ces to degradation of water quality and excess algal blooms
(Schindler 1974, 1977), prompting efforts to reduce point
sources and nonpoint source nutrient runoff to aquatic eco-
systems. Nitrogen and phosphorus also enter lakes via atmos-
pheric pathways. In agricultural or urban watersheds, the
atmosphere is likely to be secondary in importance to that of
nutrient runoff. Most atmospheric nitrogen is anthropogenic
in origin and derives from fossil fuel combustion and volati-
lization from agricultural lands (Carpenter et al. 1998). At-
mospheric deposition is the main source of nitrogen as well
as an important source of phosphorus to Lake Tahoe and
other alpine lakes (Goldman 1961; Jassby et al. 1994). Cole
et al. (1990) found that atmospheric fallout was a significant
source of phosphorus to Mirror Lake, greatly exceeding
stream-derived phosphorus loading. Atmospheric nitrogen
deposition is closely linked to watershed export of nitrogen
and the resulting coastal zone eutrophication (Howarth et al.
1996; Jaworski et al. 1997). These examples highlight the
fact that atmospheric nutrient pathways can have important
implications for aquatic systems and water quality.

Terrestrial dissolved organic carbon (TDOC) inputs to lakes

Terrestrial organic carbon enters lakes in either particulate
or dissolved form. Dissolved organic carbon (DOC) is a
component of rainwater (Willey et al. 2000), though most
DOC loading to lakes is received directly from the catch-
ment and is not atmospheric in origin. Catchment-derived
DOC flux to lakes is driven by factor such as water resi-
dence time and the occurrence and position of wetlands in
the watersheds relative to lakes (Dillon and Molot 19974,
1997b; O’Connor et al. 2009).

DOC plays a remarkably important role in structuring
lake ecosystems (Wetzel 2001). It strongly influences lake
transparency and mixing depth (Fee et al. 1996), bioaccumu-
lation of methylmercury (Watras et al. 1998), attenuation of
UV radiation (Morris et al. 1995), and is a key substrate for
microbial production. Though terrestrial DOC fuels pelagic
bacterial respiration in lakes, it is generally not efficiently
passed to higher trophic levels (Cole et al. 2002, 2006).

Terrestrial particulate organic carbon (TPOC) inputs to
lakes

TPOC in lakes can be operationally defined as material
larger than 0.45 pm in diameter. TPOC inputs to lakes can
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be of diverse origins and include leaves, twigs, insects and
insect parts, pollen, and airborne dust. Studies of TPOC in-
puts to lakes have focused primarily on litterfall and atmos-
pheric deposition, though streams and direct surface runoff
are also potential sources of TPOC to lakes.

The relatively few empirical studies of TPOC deposition
have been limited with regards to particle size or season.
Studies have either quantified leaf (coarse TPOC) inputs
during the fall season (Gasith and Hasler 1976; France and
Peters 1995) or measured fine organic matter inputs during
summer (Cole et al. 1990; Preston et al. 2008). TPOC load-
ing rates are highly variable among lakes. Overall rates of
litterfall inputs to lakes are very much influenced by terres-
trial vegetation type and forest cover (Rau 1976; France and
Peters 1995). Furthermore, within lakes the magnitude and
nature of TPOC inputs are highly variable in space and
time, depending on factors such as local vegetation type, lo-
cation relative to the dominant wind direction, and major
weather events (Preston 2009). For leaf litterfall inputs,
there is generally a rapid decline as a function of distance
from shore, with most leaf litter inputs to lakes occurring
within 10 m of shore (Gasith and Hasler 1976; France and
Peters 1995). Inputs of fine POC to lakes are also elevated
adjacent to shore, though there is notable deposition extend-
ing substantial distances out into the lake (Preston et al.
2008; Preston 2009).

Insects and coarse woody habitat as TPOC

A notable fraction of airborne organic matter inputs to
lakes consists of terrestrial arthropods and arthropod frag-
ments. Though terrestrial insects are rarely dominant in len-
tic fish diets, they are commonly present (Hunt 1975;
Weidel et al. 2008). Mehner et al. (2005) reported that the
diet of bleak (Alburnus alburnus) was dominated by terres-
trial insects (~84%), with potential impacts on the phospho-
rus budget of the lake. Rainbow trout (Oncorhynchus
mykiss) and brook trout (Salvelinus fontinalis) from Castle
Lake, California, consumed >30% terrestrial prey (Vander
Zanden et al. 2006). Even siscowets, the deepwater form of
lake trout (Salvelinus namaycush) from Lake Superior, were
found to consume terrestrial insects (Sitar et al. 2008). Fran-
cis and Schindler (2009) found that fish consumption of ter-
restrial arthropod prey declined with increasing lakeshore
development. They also found a positive effect of terrestrial
prey on salmonid consumption rates, indicating the func-
tional importance of this poorly appreciated cross-habitat
link.

Terrestrial arthropods can affect lake ecosystems, aside
from their role as fish food. In the summer of 1979, millions
of ants were blown into Castle Lake, California, on two oc-
casions, causing notable pulses in water column ammonium
concentrations (Carlton and Goldman 1984). In several areas
of eastern North America, emergences of 17-year cicada
broods produced large inputs of organic matter in the form
of cicada carcasses to small aquatic ecosystems (Nowlin et
al. 2007; Pray et al. 2009). Although these are dramatic ex-
amples, they highlight the potential role of terrestrial arthro-
pods in linking terrestrial and aquatic systems.

Finally, trees and branches from riparian vegetation fall
into lakes and can be viewed as particularly large packages
of TPOC. Because wood decomposition rates are slow,
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fallen trees provide course woody habitat (CWH) to aquatic
systems (Schindler and Scheuerell 2002; Francis and Schin-
dler 2006). Recent work has demonstrated a strong negative
relationship between CWH and housing density, stemming
from the fact that humans tend to remove trees and CWH
from lake shorelines (Christensen et al. 1996). CWH is an
important refuge habitat for invertebrates and fish and plays
an important role in stabilizing predator—prey dynamics
(Sass et al. 2006). Schindler et al. (2000) reported a positive
relationship between CWH density and fish growth rates.

Implications of terrestrial carbon inputs to lakes

Recent studies have assessed the role of terrestrial-derived
organic carbon to lake metabolism and the production of
higher trophic levels. Dystrophic and unproductive lakes are
well-documented to be net heterotrophic, meaning that bac-
terial respiration is greater than phytoplankton production
(del Georgio and Peters 1994; del Giorgio et al. 1997; Han-
son et al. 2003). This net heterotrophy requires an external
carbon source, and the role of allochthonous DOC inputs in
fueling bacterial respiration is widely accepted (Hanson et
al. 2003).

Studies have assessed the influence of terrestrial-derived
carbon on the classical (nonmicrobial) food web. Graham et
al. (2006) found that addition of conifer pollen to experi-
mental mesocosms subsidized nutrient levels, producing in-
creased phytoplankton, periphyton, and zooplankton
biomass. Terrestrial leaf litter partially supports benthic
macroinvertebrate production in lakes (Rau 1976; Solomon
et al. 2008). Stable isotope studies suggest that zooplankton
rely on a mix of autochthonous and allochthonous carbon
(Karlsson et al. 2003). Differentiating autochthonous and al-
lochthonous carbon pathways using stable carbon isotopes
can be confounded when sources have overlapping 8'3C val-
ues. This problem has been overcome through whole-lake
13C addition experiments. These experiments indicate that
in-lake POC and zooplankton in small north-temperate lakes
were up to 50% terrestrial in origin (Pace et al. 2004). Ter-
restrial carbon inputs to aquatic food webs may ultimately
be derived from one of several pathways: TDOC, TPOC, or
terrestrial prey, defined as terrestrial insects or vertebrates
that intentionally or accidentally enter lakes and can be con-
sumed by fish. Cole et al. (2006) reported that TDOC domi-
nated bacterial respiration, but was a minor contributor to
higher trophic levels of either benthic or pelagic food webs.
In contrast, TPOC inputs were readily incorporated into pe-
lagic and benthic invertebrates, while terrestrial prey items
were a major carbon source for certain fish species.

Terrestrial carbon inputs can also affect lentic food webs
in reservoir ecosystems containing gizzard shad (Dorosoma
cepedianum) in the southeastern United States. Gizzard
shad exert dramatic direct and indirect food web impacts on
phytoplankton, zooplankton, and planktivorous and piscivo-
rous fishes. They can be very abundant and have such im-
pacts because they are omnivorous and consume large
amounts of terrestrial detritus (Stein et al. 1995; Vanni et
al. 2005). Detritus is abundant in many reservoir systems
and subsidizes gizzard shad populations, thereby effectively
decoupling them from in situ prey such as zooplankton
(Stein et al. 1995; Vanni et al. 2005). The consumption of
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terrestrial resources allows gizzard shad to play a keystone
role in structuring many reservoir ecosystems.

In summary, there are diverse pathways by which organic
matter and nutrients of terrestrial origin can be transported
to lake ecosystems. These inputs can have important impli-
cations for the structure and function of these ecosystems.
Inputs of terrestrial-derived nutrients are the major driver of
lake eutrophication, an environmental problem of global
concern. In addition, terrestrial-derived carbon affects a
wide range of lake ecosystem functions: water transparency,
UV penetration, water chemistry, and ecosystem metabo-
lism, in addition to partially supporting the production of
higher trophic levels.

Lake-to-land linkages

Our understanding of the linkages between lakes and the
surrounding landscape has been primarily focused on land-
to-lake linkages (Schindler and Scheuerell 2002). Yet a
wide range of taxa, including birds, mammals, reptiles, am-
phibians, fish, and insects, have behaviors and life histories
that can couple aquatic and terrestrial habitats, often in com-
plex and reciprocal ways. Perhaps the most potent vector for
lake-to-land linkages is aquatic insects. Aquatic insects have
complex life histories — typically there is a larval aquatic
stage lasting anywhere from several weeks to several years,
followed by metamorphosis into a terrestrial adult stage.
Only recently have studies examined the role of aquatic in-
sects in linking lakes and surrounding terrestrial habitats and
the resultant implications for terrestrial food webs (Finlay
and Vredenburg 2007; Gratton et al. 2008; Pope et al.
2009). In a study of 16 lakes from the Trinity Alps Wilder-
ness, California, Pope et al. (2009) found that aquatic insect
emergence increased in response to removal of non-native
trout and that trout density determined insect emergence
from alpine lakes. Along these same lines, Finlay and Vre-
denburg (2007) found that lakes in the Sierra Nevada moun-
tains of California with introduced trout populations had
dramatically reduced (~20x) levels of aquatic insect emer-
gence. These aquatic insects were important prey for terres-
trial consumers, particularly mountain yellow-legged frog
(Rana muscosa), which were ten times more abundant in
the absence of non-native trout. This study demonstrated
how the introduction of trout severed the food web link be-
tween lakes and the surrounding “terrestrial” consumers
(adult frogs), leading to declines in native amphibians and
potentially their terrestrial predators as well.

Gratton et al. (2008) quantified aquatic insect (midge) in-
fall into terrestrial habitats adjacent to Icelandic lakes. Rates
of midge infall to the terrestrial ecosystem were highly varia-
ble among lakes, declined with distance from the lakeshore,
and at some lakes, were likely sufficient to produce an impor-
tant fertilizing effect on terrestrial vegetation. Carbon isotope
ratios also revealed that near lakes with large midge popula-
tions, many terrestrial consumers were highly dependent
upon midge-derived trophic pathways (Gratton et al. 2008).
A broad literature review of aquatic insect dispersal from
aquatic systems revealed that insect deposition to terrestrial
ecosystems shows a negative exponential decline as a func-
tion of distance from shore (Gratton and Vander Zanden
2009), indicating that this linkage is spatially constrained.
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Knight et al. (2005) found that the presence of predatory
fish in Florida ponds reduced local abundance of larval and
adult dragonflies. Dragonflies themselves prey on other in-
sects as larvae and adults. The reduction in adult dragonflies
in the presence of fish resulted in nearby terrestrial plants
receiving more visits from pollinators, thereby increasing
plant reproductive output. Amphibians can also couple
aquatic and terrestrial systems. When salamander larvae
metamorphose into terrestrial adults, they transfer substantial
amounts of pond-derived production to terrestrial habitats,
while oviposition by females transfers terrestrial-derived
production back to aquatic systems, highlighting the poten-
tial for lentic and terrestrial habitats to be coupled in a re-
ciprocal manner (Regester et al. 2006, 2008).

Carbon flux across the lake-land ecotone

In the above two sections, we surveyed the literature on
cross-habitat linkages between lakes and the surrounding
terrestrial landscape, highlighting examples of linkages oc-
curring in both directions (i.e., lake-to-land and land-to-
lake). Though individual studies have assessed fluxes across
this ecotone, an important remaining task is to identify and
quantify the factors that modulate the individual and net
fluxes in both directions. To do so, we build upon the model
of Gratton and Vander Zanden (2009), which considered
aquatic productivity and ecosystem geometry as controlling
variables modulating the export of aquatic production to
land. Here, we extend this model to also include TPOC dep-
osition to lakes and how lake-to-land, land-to-lake, and net
airborne carbon flux scale with lake size (variables and sym-
bols used in our calculations are indicated in Table 1). First,
we provide a brief overview of three key factors that affect
airborne carbon fluxes to and from lakes: aquatic productiv-
ity, TPOC deposition, and ecosystem geometry. Following
this, we develop the two components of the model (lake-to-
land and land-to-lake) and use numeric simulations and the
limited existing empirical data to attempt to quantitatively
compare the cross-habitat fluxes.

Aquatic production

The magnitude of aquatic insect flux from lakes is con-
strained by several factors, the most fundamental being
aquatic secondary production. Production is an important
and potentially unifying concept in ecology (Odum 1968)
and represents the rate of generation of new biomass over a
given time period. It can be estimated at multiple ecological
levels, ranging from populations to whole ecosystems, and
provides a common currency for characterizing the flow of
carbon through food webs and ecosystems (Lindeman 1942;
Odum 1968; Waters 1977).

The basic method for estimating secondary production for
a benthic invertebrate population dates to Boysen-Jensen
(1919). Since then there have been methodological advan-
ces, though the basic idea remains the same and involves
tracking the growth and mortality of a cohort of individuals
through time — production is calculated as the area under
the curve of a plot of number of individuals versus mean
mass (the method is also referred to as the Allen curve, in-
crement summation, instantaneous growth, or the cohort
methods; Waters 1977). In reality, many populations do not
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show clear cohorts because of overlapping generations. In
such cases, one can assume that the size-frequency distribu-
tion of individuals collected throughout the year reflects that
of the “average” cohort, thereby allowing production to be
approximated (called the size-frequency method; Waters
1977). Investigators have found that production per unit bio-
mass (P/B, turnover rate) does not vary widely for a given
taxon. Thus investigators sometimes estimate production as
the product of mean annual biomass (estimated from field
sampling) and literature-derived P/B values. Studies have
also found that P/B varies as a function of body size and
temperature, thus allowing for allometric-based empirical
methods for estimating production from field biomass data
(Banse and Mosher 1980; Plante and Downing 1989). This
is particularly useful when scaling production estimates up
to the community or ecosystem scale.

Aquatic secondary production is the most widely avail-
able indicator of potential insect emergence in lakes. Of
course, only a fraction of invertebrate secondary production
consists of aquatic insects, which are the taxonomic group
that emerges from lakes. Furthermore, only a fraction of the
aquatic insect production from a lake emerges and thus po-
tentially links aquatic and terrestrial systems. Finally, some
fraction of emergent insects ultimately return to the lake in
the form of insect carcasses and either sink, decompose,
wash to shore, or are consumed. Though we view aquatic
secondary production as an important factor regulating
aquatic insect flux from lakes to land, the combination of
factors noted above ultimately determine insect emergence
and the potential flux to land.

TPOC deposition

The second factor in our generalized model of airborne
carbon fluxes to and from lakes is TPOC deposition. As
noted above, we define TPOC as terrestrial-derived particles
that are deposited upon lake surfaces. For the sake of sim-
plicity, our model ignores airborne DOC in rainwater and
non-airborne or non-atmospheric TPOC sources (river in-
flows and overland deposition). TPOC is diverse in origin
and includes pollen, leaf litterfall, insects, and airborne
dust. As such, it is difficult to generalize with regard to
chemical composition, lability, and food quality. Further-
more, rates of TPOC deposition onto lake surfaces are
highly variable among lakes, and for individual lakes,
TPOC inputs can vary widely in space and through time
(Preston et al. 2008; Preston 2009). Terrestrial particle depo-
sition is typically measured using floating collectors distrib-
uted on the lake surface, from which total deposition can be
approximated. Studies often separate large and small frac-
tions (for example, Preston et al. 2008 considered large to
be >153 pm and small as 0.7-153 pum).

Ecosystem geometry

The third factor mediating airborne aquatic—terrestrial
linkages is ecosystem geometry, which refers to both eco-
system size and shape. Lakes can be simplified by reducing
their complex geometries into two easily quantifiable attrib-
utes: lake perimeter (p) and area (A). Ecosystem geometry is
fundamental in mediating the strength of land-lake linkages,
primarily because it determines the perimeter to area ratio
(p/A) (Polis and Hurd 1996). Small lakes are dominated by
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Table 1. Variables used in this study.
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Variable

Symbol  Unit Equation

Shoreline development factor
Lake perimeter

Lake area

Lake radius

Benthic secondary production

Fraction of benthic secondary production con-

sisting of insects
Benthic insect production

Emergence

Fraction of benthic insect production that
emerges from the lake

Insect emergence

Total flux, aquatic to terrestrial

Emergent insect flux: per metre of shore

Deposition

Shoreline deposition: terrestrial deposition per

metre of shoreline
Total flux, terrestrial to aquatic

Terrestrial deposition: per square metre of lake

Dy, — pl2(mA)V?]
p m —

A m? —

r m (A/Tr)”2
Py g Cm~2year™! —

fi (Fraction) —

P; g C-m2.year™! Py X f;

fe (Fraction) —

Eareal g C-m2-year™! Pi X f
Eotal g C-year! Eareal X A
Eshore g C~m‘1-year‘1 Etotal /p
Dghore g C~m’1~year*‘ —

Diotal g C'yemfl Dyhore X 14
Dareal g c.m—Z.year—l Dioral/ A

Fig. 2. lllustration of our approach for estimating lake-to-land and land-to-lake carbon fluxes. (@) Aquatic insect emergence from lakes.
Calculations in this study moved from left to right. () TPOC deposition to lakes. Calculations in this study moved from right to left (see

variables listed in Table 1).

(a) Insect emergence

from lake (E,a)

Insect emergence
from lake

Total insect emergence
from lake (E

3y

Flux of emergence

total from lake (Eshore)

(b) TPOC infall Total TPOC deposition Flux of TPOC
to lake (D, eq) to lake (Dyga) to lake (Dgpore)
s
gt
o
% foﬂ / Area (m?) ‘ ‘ x perimeter (m)
o
o ¥ —
o
o
'_

gCmZyear!t T

(per m2)

“edge” or shoreline effects (i.e., p/A is relatively large) be-
cause the entire lake can be in close proximity to the shore-
line, similar to the situation for streams. In contrast, large
lakes have less shoreline relative to their surface area (p/A
is smaller). In addition, lake shape determines the overall
shoreline length for a given lake size. The shoreline devel-
opment factor (D, = p/[2(mtA)Y2], where p is perimeter (m)
and A is area (m?)) is a widely used measure of shoreline
complexity in which lake perimeters (p) are compared with
the perimeter of an idealized circular lake of similar area.
Dy ranges from 1.0 for a perfectly circular lake to >15 for
some highly reticulate reservoir systems (Kalff 2002).

g C-year?
(total flux)

—

— g Cmtyear?

(flux per metre of shoreline)

Modeling lake-to-land flux

Our approach for examining insect emergence from lakes
is based on Gratton and Vander Zanden (2009) (illustrated
in Fig. 2a). Some fraction (f;) of lake benthic secondary pro-
duction (Py,) consists of benthic insects (P;). Aquatic insects
are the sole taxonomic group that emerges from lakes, thus
potentially linking aquatic and terrestrial habitats. Some
fraction of benthic insect production emerges (f.) from the
lake (Egea)- Based on the above, E, e = Py X fi X f. (note
that Py, P;, and E,., are expressed on a per square metre
basis; g C-m2-year!). Total aquatic insect flux is calculated
as the product of insect emergence FE,., and lake area A
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Fig. 3. Literature-derived data used in our simulations: (a) benthic secondary production (Py), (b) proportion of benthic secondary produc-
tion comprised of insects (fi), (¢) fraction of insect production that emerges (f.), and (d) TPOC deposition per unit shoreline (Dshore)-
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(m2): Ega = Egea X A (g Ceyear!). Flux per metre of
shoreline (Eg,oe, g C-m~1-year!) is estimated by dividing to-
tal flux by lake perimeter: Egoe = Eim/p. For a circular
lake, A = 72 and p = 27tr, where r is the lake radius. Varia-
tion in lake shape can also be accounted for by including the
shoreline development factor: Ege = X rl(2Dy)
(Gratton and Vander Zanden 2009).

We give the above conceptual framework an empirical
footing using a combination of literature-derived and simu-
lated data for the above parameters (Gratton and Vander
Zanden 2009). Benthic secondary production and insect
emergence data were available for a broad cross-section of
lake types from around the world, though there are surpris-
ingly few estimates available. Of the 49 whole-lake benthic
secondary production estimates for lakes, only 14 were pub-
lished after 1980. The majority of the production estimates
dated from the International Biological Programme of the
1960s and 1970s. These data were used to simulate potential
fluxes of aquatic insects to land in a previous study (Gratton
and Vander Zanden 2009).

Values of benthic secondary production (Py) were highly
right-skewed, with a median value of 2.3 g C-m2-year!
(Fig. 3a). On average, insects comprised about 70% of
benthic secondary production (f; = 0.70 + 0.33, mean + 1
standard deviation, SD; Fig. 3b), while approximately 30%
of insect production leaves lakes in the form of insect emer-
gence (f, = 0.30 = 0.04, mean + 1 SD; Fig. 3c). Because in-
sect production and emergence were independent of lake
area, we used these data to simulate how production and
ecosystem size interact to determine the flux of aquatic in-

areal

TPOC deposition (g C:m™”-year™)

sects to land (Gratton and Vander Zanden 2009). We ran-
domly selected a value of Py, f,, and f, from our empirical
data (n = 49, 28, and 18, respectively) and calculated the
product, which is a pseudo-estimate of insect emergence
(Eareat = Py X fi X fo; g C:mr2year!). This was repeated
5000 times. We then generated 5000 corresponding values
of lake area (A, m?) from a hypothetical lake size distribu-
tion with a constant number of lakes in each log, size class.
For each simulated lake, we calculated total emergence
(Eotal = Eareal X A; g C-year!) and insect flux per metre of
shoreline (Egore = Eio/p; g C-m~l-year!). For simplicity, all
lakes in our model were treated as circular.

Results: lake-to-land

Our estimates of insect emergence (Egeq, g C-m2-year')
varied widely among lakes and were independent of lake
size (Fig. 4a). Expressing emergence as the flux per metre
of shoreline (Egore, g C-ml-year-!) has the effect of incor-
porating ecosystem geometry, such that Eg,,.. increases with
lake size (Fig. 4b). The residual scatter (Figs. 4a and 4b) re-
flects the among-lake variation in secondary production and
insect emergence. The positive relationship with lake size is
intuitive because the amount of lake surface area per metre
of shoreline increases as a linear function of lake radius (and
thus area).

Modeling land-to-lake flux

A similar conceptual approach as above was used to esti-
mate terrestrial-derived aerial inputs to lakes, though applied
in reverse (Fig. 2b, moving right to left). We used empirical
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Fig. 4. Scaling of lake-to-land airborne carbon flux with lake size based on 5000 simulated lakes: (a) insect emergence on an areal basis:
Eareal, g C-m2-year™"; (b) emergent insect flux per metre of shoreline: Eshore, g C-m~!-year™.
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estimates of airborne carbon deposition, Dy, expressed per
metre of shoreline (g C-m-l-year!, Fig. 2b), as presented in
Preston et al. (2008). Theoretically, Dy, should be independ-
ent of the size of the recipient lake, since it is expressed on a
per metre of shoreline basis. There were only seven empirical
estimates of Dy, (Fig. 3d), and the data were collected using
diverse sampling methods (mesh size, seasonality, and sam-
pling intensity). Because of the small sample size, we fit a
negative exponential model to the Dy, estimates (o =
1.88 g C-m!-year!; Fig. 3d). From the fitted distribution, we
generated 5000 Dy, values and 5000 corresponding lake
areas (again, same number of lakes in each log size class).
For simplicity, we assumed recipient lakes were circular, with
a perimeter p, radius r, and area A. For each simulated lake,
we calculated total flux to the lake (D = Dgore X P
g C-year!) and the flux per square metre of lake (Dyey =
Dia/A; g C-m~2-year!). Since we assume lakes to be circular,
this equation simplifies to Djeq = (2Dgpore)/7-

Results: land-to-lake

Airborne carbon deposition Dy, varied widely among
lakes. In our simulation, Dy, Wwas modeled to be independ-
ent of lake area (Fig. 5a). When expressed as per square
metre of lake surface area D,.,, average deposition de-
creases as a function of lake size, as airborne TPOC deposi-
tion is diluted over a larger surface area (Fig. 5b). These
results are intuitive — compared with large lakes, small
lakes are dominated by edge and are thus subject to greater
airborne inputs, all else being equal. The scatter around the
trend lines (Figs. 5a and 5b) reflects among-lake variation in
Dgpore. Numerous unaccounted-for factors, such as riparian
vegetation type and position relative to dominant wind di-
rection, are likely responsible for the variation in the amount
of airborne land-to-lake carbon flux.

Results: net airborne carbon flux
The overall patterns of land-to-lake airborne carbon flux
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Fig. 5. Scaling of land-to-lake airborne carbon flux with lake size based on 5000 simulated lakes. (¢) TPOC deposition per metre of shore-
line: Dshore, g C-m~2-year™!; (b) TPOC deposition expressed on an areal basis: Daear, g C-m~2-year .
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contrast with those for lake-to-land (Figs. 4 and 5). We
compared how total carbon flux (Eyy, and D) scales
with lake area in each direction. Both E\y, and Dy, in-
crease as a function of lake area (Fig. 6). Assuming
“typical” insect emergence and TPOC deposition rates, ter-
restrial inputs to lakes exceeds insect emergence (D >
E\o) in lakes smaller than 2000 ha. For larger lakes, insect
emergence exceeds aerial TPOC flux to the lake (D <
E\1)- For the vast majority of lakes on the planet, most of
which are small (Downing et al. 2006), the airborne flux of
terrestrial carbon to lakes is likely to exceed that of insect
emergence. It is only in moderate-sized lakes that carbon
fluxes are comparable, while in large lakes, emergence is
expected to exceed terrestrial airborne inputs. Lake geome-
try determines the net flux across the lake-land ecotone
when examined across the full range of ecosystem sizes,
though there is also a high degree of variability (not shown
in Fig. 6) that derives from variation in benthic production,
insect emergence, and TPOC deposition rates (e.g., the scat-
ter in Figs. 4 and 5).

Discussion

The scope of ecological research has expanded over the
past decade to include the movement of nutrients, matter,
and energy across habitat boundaries (Polis et al. 1997,
2004). These fluxes often have important consequences for
the structure and dynamics of the recipient systems, such
that the dynamics of an ecosystem are often driven by proc-
esses and fluxes emanating from an adjacent habitat or eco-
system (Polis et al. 1997, 2004). Interestingly, the
importance of cross-habitat fluxes and food web linkages
are surprisingly poorly known for lakes (Schindler and
Scheuerell 2002). In contrast, a great body of research has
now accumulated for stream ecosystems. On the one hand
this makes sense; the ratio of edge to volume partially deter-
mines potential for habitat coupling (Schindler and Scheuer-
ell 2002). Streams are generally small and are thus
dominated by edge habitat, which would tend to promote
coupling of the two habitats. In contrast, lakes are relatively
large and are less dominated by edge habitats. On the other
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Fig. 6. Comparison of total carbon flux from lake-to-land (Eiotal,
solid line) and land-to-lake (Diota, dashed line). The point of inter-
section of the two lines indicates no net carbon flux. The upper
right wedge (dark fill) represents the net flux from lake-to-land.
The lower left wedge (light fill) represents the net flux from land-
to-lake. Variability from simulations (shown in Fig. 4 and Fig. 5) is
not shown to allow comparison of net fluxes.
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hand, the ratio of surface area to perimeter increases with
ecosystem size. As a result, the potential for emergent
aquatic insect flux to land increases with ecosystem size
and is generally higher for lakes compared with streams be-
cause of their larger surface area (Gratton and Vander Zan-
den 2009).

This study extends the earlier model of Gratton and Van-
der Zanden (2009) to explore the bidirectional airborne car-
bon fluxes across the lake—land interface. Airborne carbon
fluxes to and from lakes can be expressed in several ways:
on an areal basis (per square metre of lake surface area), as
the flux crossing the shoreline (per metre of shoreline), or as
a total carbon flux. How carbon fluxes scale with ecosystem
size depends upon how values are expressed. Areal insect
emergence is independent of lake area (M.J. Vander Zanden
and C. Gratton, unpublished data), while flux per metre of
shoreline increases with lake area. In the absence of reliable
field estimates, we assumed TPOC deposition per metre of
shoreline to be independent of lake area. This makes intui-
tive sense, though recent research indicates that shoreline
deposition tended to increase with lake area in a set of 16
small (0.1-184 ha) lakes in Wisconsin (Preston 2009).
Nevertheless, our model indicated that across a large gra-
dient of lake sizes, lake-wide areal TPOC deposition de-
creases with lake area as a result of dilution. Comparison of
total fluxes to and from lakes reveals that both increase with
lake area. For small lakes, land-to-lake fluxes dominate be-
cause of the dominance of edge habitats. Lake-to-land flux
increases steeply with lake area and tends to exceed land-
to-lake fluxes for large lakes (>2000 ha), though there is a
high degree of variability due to among-lake differences in
insect emergence and TPOC deposition. For all but the larg-
est lakes on the landscape, airborne TPOC inputs are ex-
pected to exceed carbon flux mediated by insect emergence.

Consistent with our result that emergent insect flux to
shore (Egoe) increases with lake size, the most well-known
examples of dramatic insect hatches are from large aquatic
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ecosystems — notable examples include chironomid midges
in Lake Myvatn (Iceland; Gratton et al. 2008) and Lake
Winnebago (USA; Hilsenhoff 1967), Chaoborus in Lake
Malawi (Tanzania, Uganda, Kenya; Irvine 2000), and may-
flies in the Mississippi River and Lake Erie (USA; Krieger
et al. 2007). Note that our assessment generally does not in-
clude aquatic insect larvae that inhabit the pelagic zone.
Most notable are dipterans of the genus Chaoborus
(phantom midges), which make vertical migrations into the
pelagic and are often not included in benthic invertebrate
sampling. Chaoborus can comprise a large fraction of inver-
tebrate biomass and secondary production in some lakes (Ir-
vine 2000; Wetzel 2001).

Though we expressed cross-habitat fluxes in terms of car-
bon in our comparison, fluxes can also be expressed in
terms of nutrients such as nitrogen or phosphorus. Nitrogen
and phosphorus content in insects is high, roughly 10% and
1%, respectively (Fagan et al. 2002; Woods et al. 2004). In
contrast, terrestrial particulate organic matter (TPOM) is
highly heterogeneous, but is generally dominated by plant-
derived material, resulting in TPOM being relatively nu-
trient-poor. Expressing fluxes in terms of nutrients rather
than carbon increases the relative importance of the lake-to-
land flux because of the higher nutrient content of emerging
insects.

Our comparison considers only airborne carbon fluxes.
This represents a conspicuous though potentially small frac-
tion of the total carbon budget of a lake. A full lake carbon
budget would also include fixation of dissolved inorganic
carbon (DIC) by algae, inputs of terrestrial dissolved organic
carbon (DOC), as well as carbon losses due to respiration,
sedimentation, and the lake outlet. Considering all aspects
of a lake carbon budget is beyond the scope of this paper,
though we do note that other aspects of lake carbon budgets
may also scale with ecosystem size.

Our goal was to consider the bidirectional nature of lake—
land airborne fluxes and the potential implications for
aquatic and terrestrial ecosystems. Though the available
data are quite limited, we synthesize some of the existing
data in an attempt to integrate these reciprocal fluxes into a
quantitative framework. Consideration of aquatic ecosystem
geometry was essential in understanding cross-habitat
fluxes — on an overall basis, lake-to-land flux increased
more rapidly as a function of ecosystem size than flux from
land-to-lake, and the “outward” flux of carbon from lakes is
estimated to exceed airborne carbon inputs only for rela-
tively large lakes. The important role of ecosystem size in
our comparison also highlights the sharp contrast between
lakes and streams. Streams are much smaller in areal extent
than lakes and should be dominated by land-to-stream link-
ages (Gratton and Vander Zanden 2009).

The study of ecosystems in isolation from their surround-
ing landscape is increasingly viewed by ecologists as inad-
equate (Polis et al. 2004). Though there is now broad
recognition that lentic food webs are supported by a mix of
benthic, pelagic, and terrestrial carbon pathways, we still
know remarkably little about the trophic basis of support of
higher trophic levels in lakes and how this scales with key
lake attributes such as lake size and trophic status (Schindler
and Scheuerell 2002; Vadeboncoeur et al. 2002; Vander Zan-
den and Vadeboncoeur 2002). Similarly, fluxes from lakes to
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terrestrial ecosystem are poorly appreciated (Gratton and
Vander Zanden 2009). While such fluxes may play a minor
role in overall ecosystem carbon budgets, emergent insects
are high-quality resources that are aggregated in riparian and
nearshore areas. Thus, they are often an important resource
for riparian consumers and ecosystems, particularly adjacent
to large rivers and lakes (Gratton and Vander Zanden 2009).
The broader implications of such lake-to-land fluxes are
poorly explored (Finlay and Vredenburg 2007; Gratton et al.
2008; Pope et al. 2009), but the effects may exceed those re-
ported for streams because of fundamental differences in eco-
system geometry between these ecosystems.
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