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ABSTRACT

Emergent aquatic insects can provide inputs to ter-

restrial ecosystems near lentic and lotic waterbodies,

producing ecosystem linkages at the aquatic–ter-

restrial interface. Although aquatic insect emer-

gence has been examined for individual sites, the

magnitude and spatial distribution of this phenom-

enon has not been examined at regional spatial

scales. Here, we characterize this cross-habitat link-

age for the state of Wisconsin, USA (169,639 km2).

We combined GIS hydrological data with empirical

data and predictive models of aquatic insect

production to estimate annual aquatic emergence

for the state of Wisconsin. Total emergence (lentic +

lotic) was estimated to be about 6,800 metric tons

of C y-1. Lentic systems comprised 79% of total

estimated insect emergence, primarily due to the

large amount of lake surface area relative to streams.

This is due to both basic ecosystem geometry and the

overall abundance of lakes in Wisconsin. Spatial

variation was high: insect emergence in southwest-

ern Wisconsin was dominated by streams, whereas

for most of the rest of the state insect emergence was

dominated by lakes. Lentic inputs to land were

highly concentrated (relative to lotic inputs) because

lakes have a high ratio of surface area to buffer area.

Although less concentrated, the spatial extent of

lotic influence was greater: statewide, four times

more land area fell within the 100 m buffer zones of

streams compared to lakes. Large waterbodies

(almost all of which were lakes) were hotspots of

insect emergence and input to land. Aquatic insect

inputs exceed estimated terrestrial secondary pro-

duction in 13% of buffer area, and by a factor of 100

or more adjacent to large lakes (>50,000 ha). The

model sensitivity analysis showed that the simpli-

fying assumptions and sources of potential error in

the input variables had a minor impact on the overall

results.
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INTRODUCTION

Habitats and ecosystems are often linked via the

movement of organisms, nutrients, matter, and

energy across traditionally-defined ecosystem

boundaries (Polis and others 1997, 2004). The

classic view of linkages between aquatic and ter-

restrial systems has been largely unidirectional,

emphasizing the downhill movement of terrestrial-

derived nutrients and matter into lakes and streams

(Carpenter and others 1998; Pace 2004). In recent
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decades, stream ecologists have shifted toward

viewing streams as a tightly integrated part of the

broader watershed system (Hynes 1975; Ormerod

and Tyler 1991; Nakano and Murakami 2001;

Baxter and others 2005). In contrast, lake-to-land

linkages have rarely been examined; though re-

cently some studies have examined the role of

emergent aquatic insects in linking lakes and the

surrounding terrestrial landscape (Finlay and Vre-

denburg 2007; Gratton et al. 2008).

It is now widely accepted that cross-ecosystem

food web linkages can have important implications

for the structure, function, and trophic dynamics of

recipient ecosystems (Polis and others 1997, 2004).

Yet although cross-habitat linkages are widely-cited

and viewed as important, it is notable that research

on cross-habitat linkages is generally conducted at

the local scale, and focusing on individual sites

(Ballinger and Lake 2006; Milner and others 2007;

Jonsson and Wardle 2009; Macdade and others 2011;

Dreyer and others 2012; Greig and others 2012). This

leaves open questions such as: What is the magnitude

of these cross-habitat linkages at regional scales?

How are these inputs distributed in space and how

variable are they? What is the relative importance of

inputs from different habitats types, for example,

stream-to-land and lake-to-land on real landscapes?

Addressing these questions pertaining to cross-habi-

tat linkages at the regional level will require ‘‘scaling

up’’ the results of individual site-specific studies.

As a start in this direction, Gratton and Vander

Zanden (2009) developed a model of the flux of

emergent aquatic insects to land for both lotic and

lentic systems. A key concept was the central role of

ecosystem geometry, specifically that the strength of

water-to-land linkages increases as a function of the

ratio of aquatic habitat area to perimeter. Although

this simulation was based on empirical insect pro-

duction and emergence data, the analysis was largely

abstract, and the objective was to highlight general

patterns and processes, and was not specific to any

particular location. The goal of this study is to apply

the general modeling framework of Gratton and

Vander Zanden (2009) to assess the aquatic-to-ter-

restrial inputs of emergent aquatic insects for an ac-

tual landscape, focusing on the contrasts between

lotic and lentic systems. This study represents both an

application to a real landscape and an effort to ‘‘scale-

up’’ earliermore conceptual modeling efforts (Gratton

and Vander Zanden 2009; Vander Zanden and Grat-

ton 2011). We performed the analysis for the state of

Wisconsin because lake, stream, and hydrological GIS

layers were readily available, and the landscape is

sufficiently large and geographically diverse to allow

for potentially strong regional contrasts.

METHODS

We developed a spatial model of aquatic to terres-

trial linkages by expanding on the conceptual

framework of Gratton and Vander Zanden (2009)

(Figure 1; Table 1), and applying it to the landscape

of Wisconsin, USA. Wisconsin has an area of

169,639 km2, and includes a diverse mix of lentic

(lakes, ponds, and impoundments) and lotic

(streams and rivers) systems, including several of

the most lake-rich regions in the world (Magnuson

and others 2006). We conducted all spatial analyses

on the Wisconsin Department of Natural Resources

1:24,000-scale hydrography, which is the highest

resolution hydrography dataset available for this

region. The general approach was to estimate mean

Figure 1. The conceptual model for linking aquatic production to land via the emergence of aquatic insects. Aquatic insect

production (P, gC m-2 y-1) is estimated for individual lentic and lotic systems for a real landscape from empirical rela-

tionships with environmental predictors. Emergent aquatic insects represent a flux across the water–land boundary and

are distributed to the adjacent land area (insect inputs to land, Depbuffer, gC m-2 y-1). Depbuffer is a function of the total

insect emergence (Ewaterbody, gC y-1), and the total land area adjacent to each waterbody. We assumed the aquatic insect

influence was constrained to a 100 m buffer (Abuffer, m2).
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annual benthic insect production for each individual

lentic and lotic system on a per-unit area basis (P,

gC m-2 y-1). From benthic insect production P we

estimated aquatic insect emergence (E, gC m-2 y-1,

Table 1), which when multiplied by the area of the

waterbody (Awaterbody, m2) that approximates total

annual insect emergence (Ewaterbody, gC y-1), and

hence the potential for movement of insects across the

water–land boundary. Emergent aquatic insect inputs

to land follow a negative exponential or inverse

power function with distance from shore and, on

average, decline to near zero at a distance of approx-

imately 100 m (Petersen and others 2004). For the

purpose of this study, it was appropriate to simply

divide total annual insect emergence from a water-

body (Ewaterbody, gC y-1) by the total land area within

100 meters of shore for that waterbody (that is, the

100 m buffer, Abuffer, m2). This approximates the

average input of aquatic insects to the terrestrial

100 mbuffer for thatwaterbody(Depbuffer, gC m-2 y-1).

We apply this approach for lentic and lotic systems

across the entirety of the state of Wisconsin, USA.

Estimation of Insect Production
for Lentic Systems

To model benthic insect production for lentic sys-

tems (lakes and ponds), we assembled a data set of

mean annual insect production (P) for 28 lakes,

mostly located in temperate regions around the

world (see supplementary material: Appendix A).

Potential explanatory variables that could be used

to model location-specific insect production were

latitude, longitude, area (m2), mean depth (Zmean,

m), maximum depth (Zmax, m), total phosphorus

(TP, lg L-1), chlorophyll a (Chl-a, lg L-1) and

estimated Secchi depth (m). Other variables that

could affect mean annual insect production

such as community composition, lake bathyme-

try, or anthropogenic impacts were not available.

Total phosphorus (TP, lg L-1) and chlorophyll a

(Chl-a, lg L-1) were available only for a small

proportion of Wisconsin lakes, and were thus

excluded from the analysis. All data were log-

transformed to attain normality where required

(Kolmogorov–Smirnov Goodness-of-fit test,

P < 0.05). All possible models, including inter-

actions, were fit to the data using the lme package

in R (R Development Core Team 2013) and

evaluated using Bayesian information criterion

(BIC). Secchi depth was the best explanatory

variable for P for lentic waterbodies (r2 = 0.268,

P = 0.013, MSE = 0.34):

Log10P ¼ �0:68� Log10Secchi þ 0:48 ð1Þ

Secchi depth was estimated from Landsat satellite

imagery (http://www.lakesat.org/, Chipman and

others 2004) for 8,602 of the 87,400 lentic sys-

tems (comprising 95% of total lentic surface area)

in the Wisconsin Department of Natural Resources

(WDNR) 1:24,000-scale hydrography dataset

(WDNR 2011). For these lakes, mean annual insect

production P was estimated from Eq. 1. Bias in log-

transformed allometric equations was corrected as

in Newman (1993). For the remaining 78,798

waterbodies lacking Secchi depth estimates (most

of which were small: <5% total lentic area), we

simply applied the geometric mean value of P from

our literature compilation (2.07 gC m-2 y-1, see

supplementary material: Appendix A), which was

Table 1. Variables Used in This Study

Variable Abbreviation Units Equation or source

Waterbody area Awaterbody m2

Buffer area (100 m width) Abuffer m2

Buffer area in watershed Abuffer-watershed m2 RAbuffer

Total watershed area (excluding waterbodies) Atotal-watershed m2

Benthic insect production P gC m-2 y-1 Eq. 1, f(Secchi)lentic Eq. 2,

f(Temperature)lotic

Insect emergence E gC-2 y-1 P 9 (E/P)literature

Total insect emergence per waterbody Ewaterbody gC y-1 E 9 Awaterbody

Total insect emergence per watershed Ewatershed gC y-1 REwaterbodies

Total insect emergence in Wisconsin Estate gC y-1 REwatersheds

Insect inputs to land per square meter

of buffer for a waterbody

Depbuffer gC m-2 y-1 Ewaterbody/Abuffer

Insect inputs to land per square meter

of buffer in a watershed

Depbuffer-watershed gC m-2 y-1 Ewatershed/Abuffer-watershed

Insect inputs to land per square meter

of watershed

Deptotal-watershed gC m-2 y-1 Ewatershed/Atotal-watershed
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appropriate because Secchi depth was independent

of lake area (Log10 Secchi versus Log10 (Area),

r2 = -0.001, P = 0.6283). Bias correction of back

transformed values was performed according to

Rothery (1988).

Estimation of Insect Production for Lotic
Systems

The same general procedure was used to develop a

relationship between environmental variables and

mean annual insect production for lotic water-

bodies (36 lotic systems mostly located in tem-

perate regions, see supplementary material:

Appendix B). Latitude, longitude, mean annual

water temperature (�C), mean annual air tem-

perature (�C), discharge (m3 y-1), and stream

width (m) were evaluated as independent vari-

ables. Mean annual water temperature (�C) was

the best explanatory variable for lotic P (r2 = 0.62,

P < 0.001, MSE = 0.14):

Log10P ¼ 0:10�mean annual water temperature

� 0:45 ð2Þ

Thus, the calculation of the benthic P for lotic

waterbodies in Wisconsin requires estimates of mean

annual water temperature for each waterbody. In

Wisconsin, mean annual water temperature is

dependent on latitude and stream size, which can be

approximated by drainage area (Lyons and others

2009).Loticwater temperaturedata recordedat38 US

Geological Survey (USGS) stream monitoring stations

in Wisconsin (monitored continuously for at least

2 years between 2000 and 2010) were obtained from

the USGS National Water Information System

(NWIS; http://waterdata.usgs.gov/nwis). Mean an-

nual stream temperature was calculated as the mean

ofdaily streamtemperatures.Upstreamdrainageareas

for each lotic waterbody were obtained from the Great

Lakes Aquatic GAP database (Brenden and others

2006). Mean annual stream temperature, T (in �C),

was modeled as T = 52 + 0.67 log10DA - 0.97 Lat,

where DA is drainage area in km2, and Lat is latitude in

decimal degrees (r2 = 0.49, P < 0.001, MSE = 0.77).

This equation was used to estimate mean annual

stream temperature for all lotic waterbodies in the

WDNR 1:24,000-scale hydrography dataset (WDNR

2011). Benthic insect production, P, was estimated

from mean annual water temperature using Eq. 2.

Insect Emergence from Lentic and Lotic
Systems

Insect emergence (E, gC m-2 y-1) for each water-

body was calculated by multiplying estimated

benthic insect production (P, gC m-2 y-1) by an

estimate of the fraction of insect emerging from

the aquatic ecosystem. We used previously pub-

lished values of emerging fraction of 0.3 for lentic

and 0.19 for lotic systems (Gratton and Vander

Zanden 2009). For each waterbody, insect emer-

gence, E, was multiplied by waterbody area

(Awaterbody, m2, see below) to estimate the total

amount of insect emergence (Table 1, Ewaterbody,

gC y-1).

Lentic and lotic surface areas were calculated in

ArcGIS 10 (ESRI 2011). Surface areas of lentic

systems were calculated directly from polygons in

1:24,000-scale digital hydrography (WDNR; http://

dnr.wi.gov/maps/gis/datahydro.html). For Lake

Michigan and Lake Superior, we only included the

adjacent littoral zone, defined as the depth of 1%

surface irradiance, because at greater depth little or

no net benthic primary production occurs. Larger

lotic features are represented as polygons in the

1:24,000-scale hydrography layer, and surface

areas were calculated directly from polygons. To

estimate width of smaller streams, we developed

regional (Level III ecoregions, Omernik 1987)

hydraulic geometry equations from wetted width

measurements for 240 lotic systems in Wisconsin

(Robertson and others 2006). The equations are:

Log10W = -0.03 + 0.47Log10DA (Driftless Area,

r2 = 0.81, P < 0.001, MSE = 0.01), Log10W =

-0.03 + 0.49Log10DA (North Central Hardwood

Forests, r2 = 0.93, P < 0.001, MSE = 0.01),

Log10W = 0.15 + 0.43Log10DA (Northern Lakes

and Forests, r2 = 0.78, P < 0.001, MSE = 0.03),

and Log10W = -0.15 + 0.53Log10DA (Southeast-

ern Wisconsin Till Plains, r2 = 0.82, P < 0.001,

MSE = 0.02), where W is wetted width (m) and DA

is drainage area (km2). Bias in log-transformed

allometric equations was corrected according to

Newman (1993). These equations were used to

estimate stream width for all lotic waterbodies not

represented as polygons in 1:24,000-scale hydrog-

raphy. Surface areas of these lotic systems were

then calculated by multiplying length and esti-

mated width.

Insect Inputs from Lentic and Lotic
System to Adjacent Land

We created a 100 m buffer around each lentic and

lotic waterbody in ArcGIS 10 (ESRI 2011) as an

approximation of the land area likely to receive

aquatic insects. One hundred meters was previ-

ously estimated to represent 73–100% of total in-

sect inputs to land (Gratton and Vander Zanden
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2009). For each waterbody, we divided total

emergence (Ewaterbody, gC y-1) by the 100 m buffer

area (Abuffer), which yields the average insect input

per square meter of land within the 100 m buffer

(Depbuffer, gC y-1) (Table 1). Applying distance-

decay functions (Gratton and Vander Zanden 2009)

had no impact on our findings because our esti-

mates of insect deposition are aggregated at the

level of relatively large watersheds (hundreds of

km2, and each containing large number of lotic/

lentic systems). Also, we did not adjust our calcu-

lations to account for emergent insects that return

directly back to the water surface. This phenome-

non undoubtedly reduces the input to terrestrial

systems, but we simply do not know what fraction

of insect emergence returns directly back to the

water, how much this varies among taxa, and

whether it varies with stream/lake attributes such

as waterbody size or presence of top predators like

fish. As such, our results should be viewed as the

overall potential inputs of aquatic insects to ter-

restrial systems.

We expressed deposition at the watershed level

in two ways designed to allow us to distinguish

between localized and aggregate effects of insect

deposition. First, we divided lentic and lotic insect

emergence (Ewatershed, gC y-1) by the total buffer

zone area (Abuffer-watershed) for each watershed,

which provides a measure of the intensity of

insect inputs directly adjacent to aquatic systems

(Depbuffer-watershed, gC m-2 y-1). Depbuffer-watershed

identifies watersheds with highly concentrated

insect deposition on the landscape, and is high

where water surface area:buffer area tends to be

high, such as near large lakes. Second, for each

watershed we divided lotic and lentic insect emer-

gence (Ewatershed, gC y-1) by total watershed area

(Atotal-watershed), which we call Deptotal-watershed. This

metric provides an integrated (‘‘bulk’’) measure of

insect deposition for each watershed. Estimates for

individual lotic and lentic systems were aggregated

within USGS 10-digit Hydrologic Unit Code (HUC)

watershed units (a total of 374 HUC-10 watersheds

in Wisconsin).

RESULTS

Aquatic Insect Emergence in Wisconsin

Differences in the geometry of lotic and lentic sys-

tems on the landscape had consequences for po-

tential emergent insect inputs to land. Statewide,

lentic systems had 79 more surface area, 59 less

perimeter, and 49 less land area within the

100 m buffer compared to lotic systems (Table 2).

Statewide, 79% of the total estimated insect

emergence was from lentic systems (Table 2). We

estimate that 6,800 metric tons of carbon emerges

from Wisconsin’s lotic and lentic systems annually.

Spatial Patterns of Aquatic–Terrestrial
Linkages

Estimated aquatic insect input to land varied spa-

tially (Figure 2). Insect input to land for lotic sys-

tems was lower (Depbuffer: geometric mean: 0.005,

range: 0.000007–9 gC m-2 y-1) than for lentic

systems (Depbuffer: geometric mean: 0.03, range:

0.0007–52.5 gC m-2 y-1). Insect input to land was

concentrated around large waterbodies (for exam-

ple, Lake Michigan, Superior and Winnebago,

Figure 2A), as well as in regions with a high density

of lentic systems (for example, northeastern Wis-

consin). Aquatic insect inputs from lentic systems

were more spatially heterogeneous than for lotic

systems (Figure 2A vs. B).

Insect Deposition at the Watershed Scale

Aggregating insect emergence at the watershed

level further highlighted spatial patterns. Express-

ing total insect emergence relative to total buffer

area (Depbuffer-watershed, Figure 3A–C) in each wa-

tershed is reflective of the intensity of insect

emergence in areas adjacent to waterbodies.

Table 2. Key Descriptive Statistics for Lentic and Lotic Ecosystems for the State of Wisconsin (USA), and the
Lentic to Lotic Ratio

Lentic Lotic Lentic/lotic

Total number of waterbodies 87,400 117,935 0.7

Total area (RAwaterbody, ha) 961,327 133,691 7

Total perimeter (km) 51,995 260,360 0.2

Total land area in buffer (RAbuffer, ha) 687,342 2,832,403 0.25

Geometric mean of insect emergence (E, gC m-2 y-1) 0.6 0.6 1

Geometric mean of inputs to buffer (Depbuffer, gC m-2 y-1) 0.03 0.004 7

Total emergence in Wisconsin (Estate, gC y-1) 5.4 9 109 1.4 9 109 3

Regional-Level Water to Land Linkages 1357



Aggregating at this scale revealed much higher

and more spatially variable emergence from len-

tic systems (Figure 3A) relative to lotic systems

(Figure 3B, C). This pattern is driven largely by the

fact that lakes tend to have relatively more surface

area (Figure 4A), less perimeter (Figure 4B), and

thus less buffer zone area (Figure 4C) compared to

streams. This comparison revealed low insect

inputs in southwestern Wisconsin, which is domi-

nated by streams. In contrast, parts of northern

Wisconsin that are dominated by lakes had a high

intensity of inputs (Figure 3A, B).

Insect emergence was also expressed relative to

total watershed area (Deptotal-watershed, Figure 3D–

F), which provides a more integrative (rather than

localized) measure of insect emergence. Expressing

emergence this way reveals less stark contrasts

between lotic and lentic emergence, though the

same general patterns are still apparent. Emergence

from lotic systems is less spatially heterogeneous

than for lentic systems. Overall emergence tends to

be dominated by lentic systems (Figure 3D–F).

The ratio of lentic to lotic insect emergence

(Ewatershed(lentic)/Ewatershed(lotic)) for watersheds var-

ied widely (Figure 5A). Lentic exceeded lotic insect

emergence (that is, ratio >1) in 60% of water-

sheds, and in some watersheds by 1,000-fold or

more. The spatial pattern of lentic:lotic inputs

revealed the importance of lotic systems in south-

western Wisconsin (Figure 5B). This part of the

state (called the Driftless Area) was not covered

with glaciers and thus lacks natural lakes of glacial

origin. Within this unglaciated area, 69% of total

insect emergence is lotic. In contrast, lotic systems

are relatively minor contributors to total insect

emergence in the formerly glaciated parts of the

state, comprising 14% of total insect emergence

(Figure 5B).

DISCUSSION

Although many studies have examined the move-

ment of energy and nutrients across habitat

boundaries and their implications for recipient food

webs and ecosystems, they have largely been con-

ducted at the site level. Many of these studies

illustrate the potentially important role of aquatic–

terrestrial linkages for food web dynamics (Ballin-

ger and Lake 2006; Milner and others 2007;

Gladyshev and others 2009; Jonsson and Wardle

2009; Macdade and others 2011; Dreyer and others

2012; Greig and others 2012). Yet there is a need to

consider these site-specific studies within a broader

landscape context. For example, how important are

such linkages at regional scales, and what are the

dominant drivers? By combining the model of

Gratton and Vander Zanden (2009) and empirical

data within a GIS framework, we estimated aqua-

tic-to-terrestrial linkages for a real landscape—a

first attempt to quantify the magnitude and spatial

pattern of this cross-habitat linkage beyond the

scale of an individual study site. We estimated that

Wisconsin’s lotic and lentic ecosystems yield over

6,800 metric tons of carbon in the form of aquatic

insects each year. Statewide, lentic systems (lakes

Figure 2. Spatial distribution of insect inputs (gC m-2 y-1)

from for lentic (A), lotic (B) waterbodies to the adjacent

land in Wisconsin, USA. Values are aggregated at 1 km2

pixels for better visual resolution.
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and ponds) accounted for 79% of the overall inputs

of insects from aquatic systems.

Aquatic insect inputs to land were spatially het-

erogeneous (Figure 2). For lentic systems, there

was dramatic spatial contrast in aquatic insect in-

puts, including some locations where aquatic insect

inputs were estimated to be exceptionally high

(hotspots). In contrast, lotic systems produced a less

Figure 4. Frequency distributions of several key metrics, aggregated at the watershed level. A Total waterbody surface

area (km2). B Total waterbody perimeter (km). C Percent of total land area within 100 m buffer zone. Estimates are shown

separately for lentic (black) and lotic (white) systems.

Figure 3. Aggregating insect emergence at the watershed scale. Spatial distribution of insect inputs to land, expressed as

per square meter of buffer within a watershed (A–C, Depbuffer-watershed, gC m-2 y-1). Insect inputs to land, per square

meter of watershed (D–F, Deptotal-watershed, gC m-2 y-1) for lentic (blue A, D) and lotic (gray B, E) systems in Wisconsin. C,

E show the frequency distribution of Depbuffer-watershed (gC m-2 y-1) and Deptotal-watershed (gC m-2 y-1) for watersheds,

shown separately for lentic and lotic systems.

Regional-Level Water to Land Linkages 1359



concentrated, but more extensive blanketing of the

landscape, with relative few locations (for example,

along the Mississippi River) that would be consid-

ered hotspots (Figure 2).

These broad patterns are driven by the funda-

mental landscape geometry of lotic and lentic sys-

tems (Table 2; Gratton and Vander Zanden 2009).

We aggregated insect inputs to land in two ways:

relative to the buffer area within a watershed

(Depbuffer-watershed, Figure 3A–C), and relative to the

total area of the watershed (Deptotal-watershed, Fig-

ure 3D–F). Expressing emergence relative to buffer

area highlights the intensity of insect inputs at

those locations receiving inputs (that is, within the

buffer). This pattern is largely driven by lakes be-

cause individual lakes tend to be large in surface

area compared to streams. As a result, lakes have a

high ratio of surface area to perimeter, and thus

produce highly concentrated inputs to the buffer

(Figure 4C). In contrast, streams tend to be small,

and thus have a low ratio of aquatic surface area to

perimeter. The consequence is less concentrated

inputs, though inputs tend to be spread out across a

broader area. This is readily apparent when exam-

ined at the statewide scale: the surface area of lentic

systems in Wisconsin is estimated to be 79 higher

than for lotic systems. Yet, for lotic systems, there is

about 49 more land area within the 100 m buffer

zone compared to lentic systems (16.7% lotic vs.

4% lentic, Figure 4C). The result is that emergence

from lakes produces highly concentrated local

effects (Figure 3A) whereas emergence from lotic

systems tends to be more diffuse (Figure 3B).

Expressing insect deposition relative to the total

watershed area is a measure of the overall impor-

tance of emergent insects at the watershed scale.

This metric tends to increase the importance of

streams (Figure 3D, E), which as noted above,

produce less concentrated inputs to land, but can

still be quite important in landscapes where a large

fraction of land area falls within stream buffer

zones.

Overall patterns of lentic and lotic insect depo-

sition to land across the landscape were related to

the post-glacial geography of Wisconsin (Figure 5).

Much of southwestern Wisconsin (called the

Driftless Area) was not impacted by glaciation

during the Pleistocene and is characterized by a

high density of streams and few natural lakes and

ponds. This region has relatively low levels of

aquatic insect inputs to land, and inputs are dom-

inated by lotic systems. In contrast, the rest of

Wisconsin was formerly glaciated, and tends to be

dotted with lakes. Here, emergent aquatic insect

inputs are high and dominated by lakes.

Terrestrial In Situ Secondary Production
Versus Aquatic Inputs

The relative importance of aquatic inputs to ter-

restrial food webs will depend on how large aquatic

inputs are relative to in situ terrestrial secondary

Figure 5. The ratio of

lentic to lotic insect

emergence (gC y-1) for

watersheds of Wisconsin.

A Frequency distribution

of lentic/lotic emergence.

Values below 1 (light) are

dominated by lotic

emergence, values above

1 (dark) are dominated by

lentic emergence. B The

spatial pattern of the

lentic to lotic ratio. Black

lines show the boundary

limits of Wisconsinan

glaciation, pre-

Wisconsinan glaciation,

and the unglaciated

(Driftless) Area.
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production in riparian zones. We estimated sec-

ondary production from estimates of primary pro-

duction from remotely sensed data. MODIS

(Moderate Resolution Imaging Spectroradiometer)

satellite observations (https://wist.echo.nasa.gov/)

are employed to produce global annual net primary

productivity estimates (NPP, kg C m-2, mean over

a 10-year period) at 1 km spatial resolution (Run-

ning and others 2004). We used McNaughton and

others (1989) equations to estimate net secondary

production (for example, herbivorous insects) on

land from estimated net primary production. Net

terrestrial secondary production in aquatic buffer

areas was estimated to range between 0.02 and

0.44 gC m-2 y-1, whereas aquatic inputs to these

areas were much more variable, ranging from

0.000006–107 gC m-2 y-1. In 13% of all buffer

areas aquatic insect inputs exceeded the estimated

in situ terrestrial secondary production. In areas

adjacent to large lakes, aquatic inputs exceeded

estimated terrestrial secondary production by 100

times or more. The sum of aquatic inputs to all

riparian (buffer) zones in Wisconsin (6,800 metric

tons of C y-1) exceeded the total estimated in situ

terrestrial secondary production in those riparian

zones (5,654 metric tons of C y-1).

Sensitivity and Modeling Approach

Though our analysis relies on several simplifying

assumptions (see supplementary material: Appen-

dix C) and includes sources of potential variability

in the input variables, we find that these assump-

tions have minor effects on our overall results. As

an example, for lakes we compared Deptotal-watershed

calculated using: 1. Secchi depth where available

and the geometric mean for the remaining lakes,

and alternatively; 2. the geometric mean for all

lakes (see supplementary material: Appendix C). In

comparing individual lakes, as well as aggregating

at the watershed level, estimates from the two ap-

proaches were closely correlated, with r2 > 0.9

and slopes near 1 (see supplementary material:

Appendix C). Notably, for the three largest lakes

(Michigan, Superior, Winnebago), the Secchi

model gave estimates of production that qualita-

tively matched known emergence, that is, low per-

unit-area production in Michigan (Secchi = 12 m)

and Superior (Secchi = 20 m), and high per-unit-

area production in Winnebago (Secchi = 0.9 m).

Method choice did have an effect on insect pro-

duction estimates for these three lakes, and due to

the large surface area of these lakes, method choice

did affect our statewide emergence estimate: total

lentic statewide emergence calculated using the

Secchi model was 9% lower than the estimate that

assigned the geometric mean of insect production

to all lentic waterbodies. Use of the Secchi model

provided a better measure of emergence for these

large lakes, which is why it was chosen over the

simpler alternative.

Another methodological issue relates to the way

in which aquatic insect production values are as-

signed to specific waterbodies, and whether model

error associated with the productivity estimates

influences the results. To examine how variability

in production affects patterns of overall insect

emergence and deposition to land, we estimated

production using the empirical models for lentic

and lotic systems (Eqs. 1, 2), and then randomly

adjusted each waterbody-specific production esti-

mate based on the observed regression model error.

We then compared the ‘‘base’’ (the non-adjusted

production estimate from the regression model)

and the ‘‘error-adjusted’’ values (see supplemen-

tary material: Appendix C). This error adjustment

created a substantial amount of scatter at the level

of individual lakes or streams. However, this pro-

cedure had much less effect on watershed-scale or

statewide estimates (Ewatershed, Depbuffer-watershed,

Deptotal-watershed) because the variability introduced

for individual waterbodies is averaged across the

many lakes and streams within any given wa-

tershed (see supplementary material: Appendix C).

Statewide, and compared to the ‘‘base’’ method,

the error-adjusted method gives statewide emer-

gence values that range from 10% lower to 20%

higher for lentic systems. The relatively high vari-

ation across model iterations is driven by the

overwhelmingly large influence of the three large

lakes (Superior, Michigan, and Winnebago) on

statewide insect emergence. For lotic systems, the

error-adjusted method gave statewide emergence

estimates that ranged from 5% lower to 1% higher

(see supplementary material: Appendix C).

Although our efforts to scale up aquatic insect

emergence to the regional level may be sensitive to

how key input parameters are estimated and their

sources of variability, our overall results were

invariant to different approaches. A principal rea-

son for the robustness of the model output is that

the dominant driver of total emergence for any

individual waterbody is its surface area, an idea

that was previously explored in great detail, albeit

in a more abstract context (Gratton and Vander

Zanden 2009). Waterbody area varies by more than

10 orders of magnitude. In contrast, aquatic insect

production (on a per-unit-area basis) varies by less

than 2 orders of magnitude. The implications are

clear: the differences that derive from the various
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assumptions and methods regarding insect pro-

duction and emergence are ultimately over-

whelmed by the effect of waterbody area.

Summary

Emergent aquatic insects from lotic and lentic systems

can be viewed as an allochthonous input of nutrient,

organic matter, and prey to terrestrial habitats adja-

cent to aquatic systems (Gratton and Vander Zanden

2009). The magnitude of this input varies widely

among waterbodies, depending on waterbody size,

geometry, and per-unit-area insect productivity.

Furthermore, these inputs can occur during relatively

narrow time windows, often around the beginning of

the plant growing season, when terrestrial produc-

tivity is low. Indeed, the timing of reciprocal resource

pulses is a critical component that determines the

cascading effects of spatial flows (Leroux and Loreau

2012). Takimoto and others (2002) showed how

resource pulses that are out of phase with in situ

resources tended to stabilize recipient consumer

populations, highlighting the potential importance of

asynchronies between resources.

The estimation of aquatic to terrestrial inputs at

regional scales is a step towards a more complete

understanding of how distinct habitats are linked on

natural landscapes. When these linkages are strong,

they have the potential to affect the adjacent terres-

trial ecosystems by increasing nutrient inputs or

altering consumer trophic dynamics within the

recipient ecosystem (Baxter and others 2005; Ballin-

ger and Lake 2006; Hoekman and others 2011;

Macdade and others 2011; Dreyer and others 2012;

Hoekman and others 2012). Anthropogenic pertur-

bations, such as climate change, eutrophication,

invasive species, pollution, and hydrological changes,

could have dramatic effects on these aquatic-terres-

trial ecosystem interactions. Greig and others (2012)

found an amplification of subsidies between aquatic

and terrestrial ecosystems due to warming, eutro-

phication, and changes in the abundance of top

predators. Both Epachin and others (2010) and

Benjamin and others (2011) described indirect effects

of non-native aquatic species on recipient systems via

a reduction in the strength of cross-habitat food web

linkages. Paetzold and others (2011) observed a

marked decline in web spider population density and

a shift in spider community composition due to the

effects of chronic stream pollution on lotic insect

emergence.

The broader management and conservation

implications of such cross-habitat linkages are poorly

understood, though such linkages undoubtedly

benefit many terrestrial consumers—this is a topic of

relevance for future research. Our study is the first to

consider these aquatic-to-terrestrial food web and

ecosystem linkages at the regional scale. Beyond the

fact that these linkages affect a sizeable fraction of the

total landscape (�20% of the total land area of

Wisconsin falls within 100 m of a lotic or lentic

waterbody), we also find that such inputs regularly

exceed estimated terrestrial secondary production

with riparian buffer areas. This result suggests a

strong potential for localized ecological effects.

Identifying the broader ecological implications of

cross-habitat linkages at these ‘‘hotspot’’ locations

represents an important next step, and will help

bridge landscape and food web approaches to

ecology.

ACKNOWLEDGMENTS

We thank A. Stephenson and S. Januchowski-

Hartley for ArcGIS help, and J. Van derVolgen and

E. Krznarich for library assistance. We also appre-

ciate valuable discussions with E.H. Stanley, A.R.

Ives, A. C. Benke, B. Leung, C. Chivers, D. Hoek-

man and A. L. Rypel. This work was supported by

the National Science Foundation (DEB-0717148), a

Guyer Postdoctoral Fellowship to M. Bartrons, the

University of Wisconsin-Madison Graduate School,

and a postdoctoral grant from the Spanish Ministry

of Education to M. Bartrons.

REFERENCES

Ballinger A, Lake PS. 2006. Energy and nutrient fluxes from

rivers and streams into terrestrial food webs. Mar Freshwater

Res 57:15–28.

Baxter CV, Fausch KD, Saunders WC. 2005. Tangled webs: re-

ciprocal flows of invertebrate prey link streams and riparian

zones. Freshw Biol 50:201–20.

Benjamin JR, Fausch KD, Baxter CV. 2011. Species replacement

by a nonnative salmonid alters ecosystem function by

reducing prey subsidies that support riparian spiders. Oeco-

logia 167:503–12.

Brenden TO, Clark RD, Cooper AR, Seelbach PW, Wang L,

Aichele SS, Bissell EG, Stewart JS. 2006. A GIS framework for

collecting, managing, and analyzing multiscale landscape

variables across large regions for river conservation and

management. In: Hughes RM, Wang L, Seelbach PW (eds.)

Influences of landscapes on stream habitats and biological

assemblages. American Fisheries Society, Symposium 48,

Bethesda, Maryland, p. 49–74.

Carpenter SR, Caraco NF, Correll DL, Howarth RW, Sharpley

AN, Smith VH. 1998. Nonpoint pollution of surface waters

with phosphorus and nitrogen. Ecol Appl 8:559–68.

Chipman JW, Lillesand TM, Schmaltz JE, Leale JE, Nordheim

MJ. 2004. Mapping lake water clarity with Landsat images in

Wisconsin, USA. Can J Remote Sens 30:1–7.

Dreyer J, Hoekman D, Gratton C. 2012. Lake-derived midges

increase abundance of shoreline terrestrial arthropods. Oikos

121:252–8.

1362 M. Bartrons and others



Epanchin PN, Knapp RA, Lawler SP. 2010. Nonnative trout

impact an alpine-nesting bird by altering aquatic-insect sub-

sidies. Ecology 91:2406–15.

ESRI. 2011. ArcGIS Desktop: Release 10. Redlands, CA: Envi-

ronmental Systems Research Institute.

Finlay JC, Vredenburg VT. 2007. Introduced trout sever trophic

connections in watersheds: consequences for a declining

amphibian. Ecology 88:2187–98.

Gladyshev MI, Arts MT, Sushchik NN. 2009. Preliminary esti-

mates of the export of omega-3 highly unsaturated fatty acids

(EPA + DHA) from aquatic to terrestrial ecosystems. In: Kainz

M, Brett MT, Arts MT, Eds. Lipids in aquatic ecosystems. New

York: Springer. p. 179–210.

Gratton C, Donaldson J, Vander Zanden MJ. 2008. Ecosystem

linkages between lakes and the surrounding terrestrial land-

scape in northeast Iceland. Ecosystems 11:764–74.

Gratton C, Vander Zanden MJ. 2009. Flux of aquatic insect

productivity to land: comparison of lentic and lotic ecosys-

tems. Ecology 90:2689–99.

Greig HS, Kratina P, Thompson PL, Palen WJ, Richardson JS,

Shurin JB. 2012. Warming, eutrophication, and predator loss

amplify subsidies between aquatic and terrestrial ecosystems.

Glob Chang Biol 18:504–14.

Hoekman D, Bartrons M, Gratton C. 2012. Ecosystem linkages

revealed by experimental lake-derived isotope signal in

heathland food webs. Oecologia 170:735–43.

Hoekman D, Dreyer J, Jackson RD, Townsend PA, Gratton C.

2011. Lake to land subsidies: experimental addition of aquatic

insects increases terrestrial arthropod densities. Ecology

92:2063–72.

Hynes HBN. 1975. The stream and its valley. Verhandlungen Int

Verein Limnol 19:1–15.

Jonsson M, Wardle DA. 2009. The influence of freshwater-lake

subsidies on invertebrates occupying terrestrial vegetation.

Acta Oecol 35:698–704.

Leroux S, Loreau M. 2012. Dynamics of reciprocal pulsed sub-

sidies in local and meta-ecosystems. Ecosystems 15:48–59.

Lyons J, Zorn T, Stewart J, Seelbach P, Wehrly K, Wang L. 2009.

Defining and characterizing cool water streams and their fish

assemblages in Michigan and Wisconsin, USA. N Am J Fish

Manage 29:1130–51.

Macdade LS, Rodewald PG, Hatch KA. 2011. Contribution of

emergent aquatic insects to refueling in spring migrant song-

birds. Auk 128:127–37.

Magnuson JK, Kratz K, Benson BJ. 2006. Long-term dynamics

of lakes in the landscape: long-term ecological research on

North temperate lakes. New York: Oxford University Press.

McNaughton SJ, Oesterheld M, Frank DA, Williams KJ. 1989.

Ecosystem-level patterns of primary productivity and herbiv-

ory in terrestrial habitats. Nature 341:142–4.

Milner AM, Fastie CL, Chapin FS, Engstrom DR, Sharman LC.

2007. Interactions and linkages among ecosystems during

landscape evolution. Bioscience 57:237–47.

Nakano S, Murakami M. 2001. Reciprocal subsidies: dynamic

interdependence between terrestrial and aquatic food webs.

Proc Natl Acad Sci USA 98:166–70.

Newman MC. 1993. Regression analysis of log-transformed data:

statistical bias and its correction. Environ Toxicol Chem

12:1129–33.

Omernik JM. 1987. Ecoregions of the conterminous United

States. Map (scale 1:7,500,000). Ann Assoc Am Geogr 77:

118–25.

Ormerod SJ, Tyler SJ. 1991. Exploitation of prey by a river bird,

the dipper Cinclus cinclus (L.), along acidic and circumneutral

streams in upland Wales. Freshwater Biol 25:105–16.

Pace ML. 2004. Whole-lake carbon-13 additions reveal terres-

trial support of aquatic food webs. Nature 427:240–3.

Paetzold A, Smith M, Warren PH, Maltby L. 2011. Environ-

mental impact propagated by cross-system subsidy: chronic

stream pollution controls riparian spider populations. Ecology

92:1711–16.

Petersen I, Masters Z, Hildrew AG, Ormerod SJ. 2004. Dispersal

of adult aquatic insects in catchments of differing land use. J

Appl Ecol 41:934–50.

Polis GA, Anderson WB, Holt RD. 1997. Toward an integration

of landscape and food web ecology: the dynamics of spatially

subsidized food webs. Annu Rev Ecol Syst 28:289–316.

Polis GA, Power ME, Huxel GR. 2004. Food webs at the land-

scape scale. Chicago, IL, USA: University of Chicago Press.

R Development Core Team. 2013. R: A language and environ-

ment for statistical computing. Vienna, Austria: R Foundation

for Statistical Computing.

Robertson DM, Graczyk DJ, Garrison PJ, Wang L, LaLiberte G,

Bannerman R. 2006. Nutrient concentrations and their rela-

tions to the biotic integrity of wadeable streams in Wisconsin.

U.S. Geological Survey Professional Paper 1722, Middleton,

Wisconsin, USA.

Rothery P. 1988. A cautionary note on data transformation: bias

in back-transformed means. Bird Study 35:219–21.

Running SW, Nemani RR, Heinsch FA, Zhao MS, Reeves M,

Hashimoto H. 2004. A continuous satellite-derived measure of

global terrestrial primary production. Bioscience 54:547–60.

Takimoto G, Iwata T, Murakami M. 2002. Seasonal subsidy

stabilizes food web dynamics: balance in a heterogeneous

landscape. Ecol Res 17:433–9.

Vander Zanden M, Gratton C. 2011. Blowin in the wind: re-

ciprocal airborne carbon fluxes between lakes and land. Can J

Fish Aquat Sci 68:170–82.

WDNR. 2011. Online document. http://dnr.wi.gov/maps/gis/

datahydro.html. Madison, WI, USA.

Regional-Level Water to Land Linkages 1363

http://dnr.wi.gov/maps/gis/datahydro.html
http://dnr.wi.gov/maps/gis/datahydro.html

	Regional-Level Inputs of Emergent Aquatic Insects from Water to Land
	Abstract
	Introduction
	Methods
	Estimation of Insect Production for Lentic Systems
	Estimation of Insect Production for Lotic Systems
	Insect Emergence from Lentic and Lotic Systems
	Insect Inputs from Lentic and Lotic System to Adjacent Land

	Results
	Aquatic Insect Emergence in Wisconsin
	Spatial Patterns of Aquatic--Terrestrial Linkages
	Insect Deposition at the Watershed Scale

	Discussion
	Terrestrial In Situ Secondary Production Versus Aquatic Inputs
	Sensitivity and Modeling Approach
	Summary


	Acknowledgments
	References


