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SUMMARY

1. We measured bidirectional arthropod fluxes at 12 river reaches distributed across an urban-rural

gradient of riparian land use and land cover in the Scioto River system of Ohio (U.S.A.).

2. For the terrestrial-to-aquatic arthropod flux (i.e. inputs of terrestrial arthropods to the river from

the land), urban development was positively related to density of inputs but negatively related to

biomass, partially explained by shifts in community composition and body size. Riparian grassland,

typical of rural (i.e. non-urban) landscapes, was positively associated with both density (range: 2.8–

18.9 individuals m�2 day�1) and biomass (range: 7.1–58.7 mg m�2 day�1) of inputs.

3. For the aquatic-to-terrestrial flux of adult aquatic insects (i.e. emergent aquatic insects exported

from the river), riparian grassland cover was positively associated with both density (R2 = 0.61;

range: 12.8–116.8 individuals m�2 day�1) and biomass (R2 = 0.65; range: 1.4–27.9 mg m�2 day�1),

with relatively larger-bodied taxa dominating emergence at rural reaches.

4. Riparian landscape composition relates to reciprocal fluxes of arthropods (aquatic insects out, ter-

restrial insects and other arthropods in) in river-riparian systems as we found human landscape dis-

turbances were associated with changes in the taxonomic composition of both aquatic emergence

and terrestrial input, and an overall decrease in the magnitude of emergence and terrestrial input.

Furthermore, landscape changes that alter arthropod fluxes may have broader consequences for

linked river-riparian biodiversity and food webs and should be taken into account in conservation,

restoration and management of these systems.
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Introduction

Rivers are intimately connected to the adjacent terrestrial

landscape through exchanges of energy and materials

(Vannote et al., 1980; Junk, Bayley & Sparks, 1989; Polis,

Anderson & Holt, 1997). Terrestrial arthropods entering

streams (via gravity, wind and other vectors) provide

high-quality food resources for aquatic consumers,

including fish (Mason & Macdonald, 1982) and preda-

tory insects (e.g. larval odanates; Kraus, 2010). In the

opposite direction, aquatic insects dispersing from the

river in their adult stage (hereafter ‘emergent insects’)

into the riparian zone represent an important food

resource for a suite of terrestrial consumers, including

arthropods (Henschel, Mahsberg & Stumpf, 2001; Paetz-

old, Bernet & Tockner, 2006), lizards (Sabo & Power,

2002), insectivorous birds (Iwata, Nakano & Murakami,

2003; Alberts, Sullivan & Kautza, 2013) and bats (Fukui

et al., 2006). Because reciprocal fluxes can contribute

substantially to the energy budgets of both aquatic and

terrestrial consumers, shifts in the magnitude and com-

position of arthropod subsidies can influence community

structure and food-web dynamics in recipient habitats

(reviewed in Baxter, Fausch & Saunders, 2005). Further-

more, although these nutritional subsidies are thought to

largely remain near the stream (~10 m), a portion makes

its way further into the adjacent terrestrial landscape

(Petersen et al., 1999, 2004; Muehlbauer et al., 2014).

Cross-boundary arthropod subsidies can elicit numer-

ical responses in recipient consumer populations.

Kawaguchi, Taniguchi & Nakano (2003) experimentally

reduced the abundance of terrestrial arthropods entering
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the stream and observed a decrease in local fish abun-

dance. Similarly, Burdon & Harding (2008) inferred a

strong reliance of riparian ground-dwelling and web-

building spiders on aquatic insect prey. Furthermore,

Sabo & Power (2002) showed that reductions in the

abundance (by 49%) and biomass (by 38%) of emergent

insects resulted in a nearly threefold reduction in the

abundance of riparian lizards.

Bidirectional fluxes of arthropods can thus be a critical

component of linked aquatic–terrestrial ecosystems

(Richardson, Zhang & Marczak, 2010). However, human

modification of riparian areas has pronounced effects on

streams (England & Rosemond, 2004; Sweeney et al.,

2004; Marczak et al., 2010), with potentially profound,

yet relatively unexplored, consequences for coupled

aquatic–terrestrial arthropod fluxes. This is particularly

the case for large streams and rivers rather than small

streams, where there has been less focus on the impor-

tance of terrestrial arthropods to stream consumers,

although Cloe & Garman (1996) showed that consump-

tion of terrestrial arthropod prey by centrarchids (Lep-

omis spp.) was relatively invariant across a gradient of

stream size.

Here, we investigated the influence of the riparian

landscape composition (i.e. riparian land use and land

cover, river bank vegetation structure) on reciprocal

aquatic–terrestrial fluxes of arthropods along an urban-

rural landscape gradient in the Scioto River system, Ohio,

U.S.A. We had two major objectives. First, we sought to

estimate the relative magnitude of reciprocal arthropod

fluxes along an urban-rural riparian landscape. Because

changes in riparian vegetation can affect terrestrial

arthropod abundance and diversity by modifying habitat

structure (Mason & Macdonald, 1982; Laeser, Baxter &

Fausch, 2005), we predicted that the input of terrestrial

arthropods (i.e. terrestrial input) would be greater at

rural reaches with more intact riparian vegetation. In

addition, because human land use and cover can have

strong effects on aquatic insect assemblages through

modified hydrological and sediment regimes and

increased nutrient inputs (reviewed by Allan, 2004), we

predicted that the flux of emergent aquatic insects into

the terrestrial environment (i.e. aquatic emergence)

would be reduced as urban land cover became more pre-

valent. Our second objective was to describe the taxo-

nomic composition of arthropod fluxes. Because both

river and riparian habitats in urban areas are known to

be less spatially complex, and characterised by modified

hydrology and relatively poor water quality, we pre-

dicted that urbanisation would relate to shifts in taxo-

nomic and functional diversity, and thus body size, in

both terrestrial arthropods and emergent aquatic insects.

Although the magnitude of aquatic emergence may

change with longitudinal position along the river (due to

factors such as channel width, flow variability and sedi-

ment distribution), we expected that land use would

override these effects (see hypotheses in Table 1).

Methods

Study system and experimental design

Our study system included the Scioto River and its

major tributary the Olentangy River (hereafter ‘Scioto

River system’) in central and southern Ohio (OH),

U.S.A. (Fig. 1). The Olentangy River is the largest tribu-

tary of the Scioto, joining the mainstem near downtown

Columbus, OH (~1.2 million people; USCB, 2010). The

Table 1 Alternative hypotheses and the independent variables (land use/land cover and river bank vegetation representing an urban-rural

riparian landscape gradient) tested in multivariate linear regression modelling. Density is the flux of individual arthropods m�2 day�1 and

biomass is mg m�2 day�1. CATCHMENT is the total area (km2) of land upstream from the outlet of each reach (i.e. drainage area) (see

Tables 2 & 3, and text in Methods section for additional detailed descriptions of independent variables)

Terrestrial inputs Aquatic emergence

Hypotheses

Independent

variables Hypotheses

Independent

variables

1. Biomass will decrease from rural to urban FOREST

GRASS

CROPS

CANOPY

TREES

D_HIGH

D_LOW

SHRUB

CATCHMENT

1. Biomass will decrease from rural to urban FOREST

GRASS

CROPS

CANOPY

TOTAL_N

D_HIGH

D_LOW

SHRUB

CATCHMENT

2. Density will decrease from rural to urban 2. Density will decrease from rural to urban
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Scioto River flows for 372 km, draining a 16 882-km2

catchment composed of agriculture (~69%), forest (~21%)

and urban (~9%) land (White, Johnston & Miller, 2005).

There are a number of low-head dams and three larger

water storage reservoirs within and upstream of Colum-

bus. However, the river is unregulated from the south-

ern extent of the city until it reaches its confluence with

the Ohio River. The varied land use is reflected in an

urban-rural gradient, making it an appropriate model

system to study the potential relationships between

alterations in riparian landscape composition and arthro-

pod flux dynamics.

We selected 12 study reaches whose adjacent riparian

areas represented a range of urban to rural (forested,

agricultural and grassland) landscapes (see Fig. 1 and

Appendix S1 in Supporting information). Reaches were

~1200 m long, which is within the size range in estab-

lished protocols for sampling aquatic macroinvertebrates

in rivers (Herlihy & Lazorchak, 2000; Flotemersch et al.,

2006). Given the spatial arrangement of land use and

cover types within the basin, some clustering among the

study sites was unavoidable. On average, reaches were

located ~18 river km (rkm) apart, although this ranged

from ~2.5 rkm (between reaches 2 and 3) to ~55 rkm

(between reaches 6 and 7).

We used ArcGIS 10.1 (Esri, Redlands, CA, U.S.A.) to

delineate a 100-m wide area of the riparian zone on each

of the left and right sides of the channel along the length

of each reach. We considered this spatial extent suffi-

cient for capturing the influences of riparian landscape

composition on both aquatic and terrestrial arthropod

communities (reviewed in Lee, Smyth & Boutin, 2004).

Within the 100-m riparian strips, we calculated the rela-

tive proportions of 14 different land use and cover clas-

ses from the 2006 National Land Cover Database (Fry

et al., 2011). These 14 classes were distributed into six

broader categories that represented the major types

found within our study system (Table 2; Fig. 1). The six

categories were as follows: FOREST (i.e. riparian wood-

lands of deciduous trees and shrubs), CROPS (i.e. culti-

vated croplands of predominantly corn and soybean),

D_HIGH (i.e. medium- to high-intensity urban develop-

ment, such as industrial and commercial land use),

D_LOW (i.e. low-intensity urban development such as

residential, parkland and abandoned parcels of land)

and GRASS (i.e. native grassland, fallow fields and man-

aged hay), and open water and wetlands. To estimate

ecosystem size as a measure of longitudinal position

along the river, we used the hydrology extension in Arc-

GIS 10.1 to generate drainage area above the down-

stream end of each study reach.

Field and laboratory methods

From 2010 to 2013, we measured reciprocal arthropod

fluxes over two 10-day sampling periods: once in early

summer (early to mid-June) and once in late summer

(late July–early August). Sampling was staggered to

Fig. 1 Location and relative proportions

of land use and land cover (LULC)

within 100-m riparian buffers at 12 study

reaches of the Scioto (R1 and R4-R12)

and Olentangy (R2 and R3) rivers, Ohio,

U.S.A. D_HIGH and D_LOW are high-

intensity urban development and

low-intensity urban development, respec-

tively. See Table 2 and text for further

descriptions of LULC categories shown

in the map. Locations of mainstem dams

are also shown.
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capture seasonal as well as potential annual variation in

arthropod flux. Thus, ‘early’ and ‘late’ sampling efforts

were conducted in different years at each of the respec-

tive study reaches. We combined ‘early’ and ‘late’ for

our analyses because we were interested in understand-

ing total flux rather than a comparison between sam-

pling periods.

To measure aquatic insect emergence, we used six

pyramidal floating emergence traps (1 m2 surface area)

across each study reach following Alberts et al. (2013).

Mesh size was 0.25 mm, thus ensuring that even small-

bodied emergent insects were effectively captured. Traps

were deployed along the entire longitudinal extent of

the reach and placed in relative proportion to the distri-

bution of predominant flow habitats (typically two traps

per pool, riffle and run) of each study reach.

To measure terrestrial arthropod input into the river

(e.g. terrestrial insects and other arthropods falling or

blown into the river channel), we distributed eight float-

ing pan traps (each 0.5 m2 surface area) roughly equidis-

tantly along each bank (four traps on each side) along

the longitudinal extent of the reach. Pan traps were par-

tially filled with water and a small amount of soap,

which acted as a surfactant to trap arthropods more

effectively (Greenwood, O’Dowd & Lake, 2004; Meyer &

Sullivan, 2013).

Although our study reaches were long, we considered

our sampling effort sufficient to capture heterogeneity in

both emergence and terrestrial inputs through careful

selection of representative habitats in which traps were

deployed. Furthermore, our sampling methodology and

effort were consistent with other studies that have mea-

sured arthropod fluxes into or from streams and rivers

(e.g. Malison, Benjamin & Baxter, 2010; Bellmore &

Baxter, 2014).

All arthropods were identified to family and counted

(any adult aquatic insects in pan traps were removed

and not included as either input or export, as their loca-

tion of origin was unknown). We dried arthropods for

48 h in a drying oven (60 °C) and weighed (by family

for each reach) to the nearest 0.1 mg (Sanzone et al.,

2003; Akamatsu, Toda & Okino, 2007). From these data,

we calculated the biomass (mg m�2 day�1) and density

(number m�2 day�1) of aquatic insect emergence and

terrestrial arthropod inputs and the mean body size of

individuals by family.

At each reach, we surveyed riparian vegetation struc-

ture and composition within six, 3-m 9 3-m quadrats at

the river’s edge (three quadrats on each bank). Quadrats

were representative of the dominant riverbank vegeta-

tion types and approximately evenly spaced from

upstream to downstream along the length of the reach.

Within quadrats, we estimated by eye the proportion of

tree canopy and shrub canopy cover (%) and the num-

ber of woody stems >10 cm diameter at breast height

(dbh), either alive or dead (woody stems > 10 cm m�2).

We included tree density in addition to tree canopy

cover to account for the potential influences of standing

woody stems to serve as habitat for terrestrial arthro-

pods while not necessarily contributing to canopy cover.

To account for influences of nutrient concentration on

emergent insect production, we collected six 250-mL

water samples for total nitrogen (N) and phosphorus (P)

measurements from each reach: three samples collected

laterally across the channel at evenly spaced intervals at

the upstream and three at the downstream end of each

reach (six samples total). Samples were collected once

during the mid-point of the study at low flow (late July

2012). Samples were pooled for upstream and down-

stream locations separately and analysed at the Ohio

Agricultural Research and Development Center Service

Testing and Research Lab (STAR Lab, Wooster, OH,

U.S.A.) for concentrations in mg L�1 of N and P. Given

limited variability in P among the study reaches, we

excluded it from further analysis (see Statistical methods

below).

Statistical methods

Our primary analytical method was based on an infor-

mation-theoretic approach using ordinary least squares

Table 2 The 2006 National Land Cover Database (NLCD) land-

cover classes used to populate the five land-use land-cover (LULC)

categories used in our analyses. The sixth category (WATER/WET-

LAND) was omitted from analyses because of its limited represen-

tation across our study reaches (see Methods)

Original LULC variables

(NLCD 2006)

Selected LULC categories used

in analyses

Developed open space Low-intensity development

(D_LOW)Developed low intensity

Barren land

Developed medium intensity High-intensity development

(D_HIGH)Developed high intensity

Deciduous forest Forest (FOREST)

Evergreen forest

Mixed forest

Grassland Grassland/pasture/hay (GRASS)

Pasture/hay

Cultivated crops Cultivated crops (CROPS)

Open water Open water/wetlands (WATER/

WETLAND)Herbaceous wetlands

Woody wetlands

© 2015 John Wiley & Sons Ltd, Freshwater Biology, 60, 2156–2168

River-riparian arthropod fluxes 2159



regression and Akaike’s Information Criterion adjusted

for small sample sizes (AICc). We developed four sets of

models representing alternative hypotheses regarding

the influence of riparian landscape composition and

aquatic nutrient concentrations on reciprocal arthropod

flux magnitude (Table 1). We constructed all potential

models for each dependent variable, including the null

model (i.e. intercept only), and used DAICc (AICci –

AICcmin
) to evaluate the relative support of each individ-

ual model within its own set of candidate models. We

retained all potential models with DAICc ≤4, as this

included both highly supported models (DAICc ≤ 2) and

those that garnered substantial secondary support (Burn-

ham & Anderson, 2002, 2004). Subsequently, we calcu-

lated Akaike weights (xi) to indicate the probability that

a model was the best supported among all of the

retained candidate models in the set. Prior to modelling,

we tested for correlations (|r| ≥ 0.80) among our chosen

set of predictors and, if significant correlations were

detected, we did not include the correlated variables in

the same model (Burnham & Anderson, 2002). We

checked that the assumptions of multivariate parametric

analyses were met and, if not, appropriate transforma-

tions were performed (e.g. log10 of terrestrial arthropod

biomass and emergent insect density). Regression and

correlations analyses were performed using JMP 10.0

(SAS Institute Inc. 2012, Cary, NC, U.S.A.).

We used constrained ordination (canonical correspon-

dence analysis – CCA) to explore relationships between

community composition of arthropod fluxes and our

suite of environmental predictor variables from the

regression models. The species matrix consisted of the

density and biomass estimates for all individual arthro-

pod taxa. We performed four separate ordinations (den-

sity and biomass of terrestrial inputs; density and

biomass of aquatic emergence) and constructed biplots

for each. Biplot figures for terrestrial arthropods were

constrained to the most common (sampled at ≥six of 12

reaches) and abundant (≥five individuals where present)

taxa (24 of 148 families) for density and the most com-

mon and heaviest (≥5 mg where present) taxa (23 of 148

families) for biomass. Similarly, emergent insect biplots

were constrained to the most common (sampled at ≥ six

of 12 reaches) and abundant (≥five individuals where

present) taxa (14 of 27 families) for density and the most

common and heaviest (≥5 mg where present) taxa (12 of

27 families) for biomass. Ordination analyses were

carried out in Canoco for Windows 4.5 (ter Braak &
�Smilauer, 2002).

Results

Riparian landscape composition and aquatic nutrients

Riparian landscapes varied in the proportions of land

use and cover across the urban-rural gradient, as

expected based on our study design (Fig. 1). Similarly,

riparian riverbank vegetation structure also varied

(Table 3). Mean total N concentrations in river water

ranged from 0.25 to >6 mg L�1 across study reaches. In

general, reaches surrounded by, or directly downstream

of, agricultural landscapes had greater concentrations of

total N. Mean total P concentrations were generally

between 0.06 and 0.54 mg L�1, except at one reach

Table 3 Vegetation characteristics from river bank vegetation surveys and aquatic nutrient concentrations from water samples at the 12 Sci-

oto River study reaches. SHRUB is the proportion of shrub cover, and CANOPY is the proportion of tree canopy cover. TREES is the density

of woody stems >10 cm dbh. TOTAL_N and TOTAL_P are the concentrations of nitrogen (N) and phosphorus (P) (mg L�1), respectively.

Difference is the change in nutrient concentration between upstream and downstream sampling points of each study reach

REACH SHRUB CANOPY TREES TOTAL_N Difference TOTAL_P Difference

R1 0.33 0.51 0.15 1.10 �0.52 0.07 �0.02

R2 0.64 0.82 0.17 0.95 +0.14 0.08 +0.01
R3 0.51 0.35 0.20 1.12 +0.31 0.06 0.00

R4 0.19 0.79 0.13 0.69 +0.26 0.05 �0.02

R5 0.06 0.74 0.22 6.02 +0.30 1.04 +0.04
R6 0.09 0.30 0.06 5.69 +0.28 0.54 +0.01
R7 0.06 0.16 0.15 4.10 +1.14 0.28 +0.03
R8 0.07 0.66 0.30 1.02 �2.01 0.34 +0.09
R9 0.00 0.63 0.33 4.27 +0.02 0.39 +0.02
R10 0.03 0.73 0.26 3.57 +0.19 0.14 +0.05
R11 0.03 0.83 0.28 0.25 �0.36 0.10 +0.02
R12 0.07 0.55 0.13 1.91 �3.02 0.11 �0.04

MEAN 0.17 0.59 0.20 2.56 �0.27 0.27 +0.01
SD 0.21 0.22 0.08 2.06 1.14 0.29 0.04
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(Reach 5) where P was found at a much higher concen-

tration (1.04 mg L�1). Both P (�x = +0.02 mg L�1) and N

(�x = �0.27 mg L�1) varied little within reaches (e.g. up-

to downstream), but not reaches 8 and 12, where N

concentrations were substantially lower downstream

than upstream (Table 3).

Reciprocal arthropod fluxes

Overall, we collected and identified 7655 individuals

from 16 orders and 148 families of terrestrial arthropods

from pan traps and 64 341 individuals from six orders

and 27 families of aquatic insects from emergence traps.

Biomass of terrestrial inputs was 16 054.9 mg (dry mass)

and emergent insect biomass was 14 643.5 mg totalled

across all study reaches (see additional details regarding

results from ‘early’ and ‘late’ sampling periods in

Appendix S2 in Supporting information). Terrestrial

numerical inputs (individuals m�2 day�1) were substan-

tially lower than the density of emergent insects leaving

the river. In contrast, biomass (mg m�2 day�1) was gen-

erally greater for terrestrial inputs to the river than for

emergent insects (Table 4).

Influence of riparian landscape composition on arthropod

fluxes

Terrestrial inputs. Urban development was an important

variable in models for the magnitude of terrestrial

inputs, accounting for nearly 30% of the variation

observed in density (more urban development, greater

numerical inputs of terrestrial arthropods) and 13% in

biomass (more urban development, lower biomass of

terrestrial inputs) in the top models (Table 5). Terrestrial

arthropod input was also positively associated with

riparian grassland in the best model for density and

alternative models for biomass. River bank tree density

was a positive predictor in the best model for biomass

(i.e. the more trees, the greater the biomass of inputs).

The first two axes of our ordinations explained 31 and

37% of the variation in density and biomass, respec-

tively. Biplots for both density and biomass showed a

clear separation between urban (i.e. development and

increased shrub cover) and rural landscape character-

istics along the first axis (Fig. 2a,b). Along the second

axis for flux density, a distinct forested-to-open (i.e.

grassland and crops) gradient emerged. The second axis

for biomass illustrated a gradient from riparian areas

dominated by trees (high biomass inputs) to those domi-

nated by shrub cover (low inputs).

Table 4 Density (individuals m�2 day�1), biomass (mg m�2 day�1)

and mean body size (mg) of the aquatic insects emerging and of

terrestrial arthropod inputs at the 12 Scioto River study reaches

REACH

Terrestrial input Aquatic emergence

Density Biomass

Mean

size Density Biomass

Mean

size

R1 7.8 11.5 1.5 45.7 3.4 0.1

R2 7.8 13.7 1.8 23.7 3.7 0.2

R3 18.6 7.1 0.4 12.8 1.4 0.1

R4 9.1 16.8 1.8 25.2 4.8 0.2

R5 4.7 11.9 2.6 51.7 12.5 0.2

R6 7.9 11.4 1.5 48.8 6.3 0.1

R7 16.6 26.4 1.6 96.4 21.2 0.2

R8 13.2 36.9 2.8 52.9 8.3 0.2

R9 18.9 58.7 3.1 116.8 27.9 0.2

R10 4.8 12.5 2.6 31.2 17.2 0.6

R11 2.8 27.6 9.9 15.4 9.5 0.6

R12 7.4 16.2 2.2 15.6 5.9 0.4

MEAN 10.0 20.9 2.6 44.7 10.2 0.3

SD 5.5 14.7 2.4 32.7 8.1 0.2

Table 5 Retained regression models (DAICc ≤ 4) with corresponding AICc scores, Akaike weights (xi) and variation explained (R2). Null

models (i.e. intercept only) are also included. See text for description of independent variables

Flux density Flux biomass

AICc DAICc xi P R2 AICc DAICc xi P R2

Terrestrial

GRASS(+), D_HIGH(+) 77.74 0.00 0.21 <0.05 0.47 TREES(+), D_HIGH(�) 21.19 0.00 0.13 <0.05 0.59

CANOPY(�) 78.75 1.01 0.12 <0.10 0.23 GRASS(+) 21.35 0.17 0.12 <0.05 0.44

NULL 79.38 1.64 0.09 – – GRASS(+), CATCHMENT(+) 21.56 0.38 0.10 <0.05 0.57

GRASS(+), TREES(+) 22.87 1.68 0.05 <0.05 0.53

NULL 25.87 4.68 0.01 – –
Aquatic

GRASS(+) 21.35 0.00 0.43 <0.05 0.61 GRASS(+) 78.62 0.00 0.36 <0.05 0.65

GRASS(+), TOTAL N(+) 24.64 3.29 0.08 <0.05 0.62 GRASS(+), CATCHMENT(+) 80.01 1.39 0.18 <0.05 0.70

NULL 30.22 8.88 0.00 – – GRASS(+), SHRUB(�) 81.77 3.15 0.08 <0.05 0.66

NULL 88.59 9.97 0.00 – –
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Our ordination results indicated that rural riparian

landscapes [characterised by open land cover (i.e.

grasslands and crops) and riverbank trees] supported

inputs of larger-bodied Coleoptera, Lepidoptera and

non-insects (e.g. arachnids and Julidae), whereas higher

densities of small-bodied Aphididae, Mymaridae, Sciari-

dae and Cecidomyiidae largely dominated more devel-

oped, urban riparian areas. Our terrestrial biomass

biplot (Fig. 2b) also illustrated a positive relationship

between larger-bodied arthropods and indicators of

rural riparian landscapes (i.e. forest, crops and river

bank tree canopy cover).

Aquatic emergence. Riparian grassland cover was the

most influential variable in our models and was associ-

ated positively with the magnitude of aquatic insect

(a)

(b)

Fig. 2 Ordination biplots based on

canonical correspondence analysis (CCA)

of the data for riparian land cover, river

bank vegetation and terrestrial arthropod

inputs [density (a) and biomass (b)] at

the 12 study reaches on the Scioto River

system.
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emergence (Table 5). Grassland constituted the only var-

iable in top models for both density and biomass. The

first two axes of our aquatic emergence ordinations

explained 51% of the variation in density and 45% of the

variation in biomass. The first axis for density and bio-

mass was primarily associated with a gradient from

agricultural crops and river bank tree canopy cover to

urban riparian development and river bank shrub cover

(Fig. 3a,b). The second axis for both density and biomass

illustrated a gradient from open (i.e. grasslands and

crops) riparian areas with higher aquatic N concentra-

tions to more developed riparian areas with a high pro-

portion of riverbank shrubs and/or canopy cover.

The density of emerging Chironomidae was positively

associated with riparian (urban) development (Fig. 3a).

In contrast, Hydropsychidae, the third most abundant

taxon of emergent insects, was more closely aligned

with total N, riverbank tree density and crops, all char-

acteristic of rural riparian landscapes (Fig. 3a). Differ-

ences in the biomass of emergent insects among reaches

(a)

(b)

Fig. 3 Ordination biplots based on

canonical correspondence analysis (CCA)

of the data for riparian land cover, river

bank vegetation, aquatic nitrogen (N)

concentration and aquatic insect emer-

gence [density (a) and biomass (b)] at the

12 study reaches on the Scioto River sys-

tem.
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were similar to the pattern in density across the reaches,

as indicated by similar predictors for both in our model

sets. Our aquatic emergence biomass biplot showed that

less abundant, but larger-bodied, taxa (e.g. Heptagenii-

dae, Leptoceridae, Coenagrionidae, Crambidae and Per-

lidae) were positively associated with riparian forest and

riverbank tree canopy cover (Fig. 3b). In addition, the

biomass biplot also showed that abundant, smaller-bod-

ied taxa (e.g. Chironomidae) were closely associated

with urban riparian landscapes.

Discussion

In river ecosystems, both aquatic insect and terrestrial

arthropod assemblages may vary along natural longitu-

dinal gradients (e.g. in stream size, hydrology, sediment

distribution and riparian vegetation) and with anthropo-

genic landscape disturbance, yet neither association has

been well resolved with respect to their influence on

cross-boundary arthropod fluxes (reviewed in Baxter

et al., 2005). We found that the magnitude of arthropod

fluxes, both emergence of aquatic insects and input of

terrestrial arthropods, differed along an urban-rural

riparian landscape gradient (Fig. 4). Widespread land-

scape modifications and, in addition, the presence of

dams may have altered natural longitudinal patterns in

the composition of aquatic insect assemblages in our

system. Anthropogenic modifications may also have

changed relative inputs of terrestrial arthropods (see

Vannote et al., 1980) by disrupting natural gradients in

discharge, stream size and sediment distribution (see

Ward & Stanford, 1983, 1995). These results implicate

the landscape as a key mediator of cross-boundary

nutritional subsidies, with repercussions for recipient

consumers and food webs.

Terrestrial inputs

Although we did not expect to find a positive relation-

ship between density of terrestrial inputs and urban

development, both top-down (e.g. fewer predators) and

bottom-up (e.g. increased plant productivity) processes

have been cited as key factors driving terrestrial arthro-

pod abundances in urban landscapes (Faeth et al., 2005;

Raupp, Shrewsbury & Herms, 2010). We found a nega-

tive relationship between terrestrial arthropod density

and tree canopy cover, in part because of the close asso-

ciations between several of the most abundant terrestrial

taxa (e.g. Aphididae, Cecidomyiidae and Sciaridae) and

shrub-dominated urban riverbanks. Hoover, Shannon &

Ackerman (2007) suspected that the relative contribution

of terrestrial arthropods was greater in reaches with less

tree cover because the expansion of the shrub layer pro-

vided better habitat for these organisms. In the Scioto

River system, for example, the invasive Amur honey-

suckle (Lonicera maackii) has become widely distributed

in urbanised and flow-regulated riparian zones and has

been linked with a high abundance of terrestrial arthro-

pods (Loomis & Cameron, 2014).

High-intensity development was the predominant

urban variable in our models and was characterised by

open (i.e. less woody vegetation) riparian areas away

from the riverbank, shrub-dominated riverbanks and

abundant inputs of small-bodied terrestrial arthropods

(e.g. Collembola, Thripidae, Aphididae and Cecidomyii-

dae). Similarly, Roy et al. (2005) observed that terrestrial

arthropod inputs were more numerous in open urban

riparian zones and also largely composed of smaller-

bodied taxa (e.g. Collembola and Diptera). In contrast to

urban landscapes, we found that larger-bodied taxa,

such as predatory arachnids, Carabidae and Staphylini-

dae, were associated with rural riparian landscapes and

contributed to a greater biomass of terrestrial inputs to

these reaches.

We anticipated that riparian forest cover would be

positively associated with increased terrestrial inputs,

yet instead we observed that grassland cover had a

significant positive influence in our models. Romani-

szyn, Hutchens & Wallace (2007) also observed high

abundances of terrestrial arthropod input into pasture–

grassland stream reaches. Because inputs of terrestrial

arthropods to streams are considered ‘accidental’ and

can be mediated by physical forces (Bridcut, 2000), ar-

thropods in grasslands (relative to forest) may be more

exposed to wind, rain and other elements that may

increase the chances of them entering the river chan-

nel. Riverbank tree density, but not broader-scale ripar-

Fig. 4 A synthesis of the key relationships between reciprocal

river-riparian arthropod fluxes and riparian landscape composition

along an urban-rural gradient of the Scioto River system. The thick-

ness of bars represents flux magnitude; narrow sections indicate

relatively low magnitudes and wider sections indicate higher mag-

nitudes. ‘D’ is density (individuals m�2 day�1) and ‘B’ is biomass

(mg m�2 day�1) of the arthropod flux.
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ian forest cover, was an important influence on bio-

mass of terrestrial inputs. Flightless wood-boring cole-

opterans, leaf-chewing lepidopteran larvae, Formicidae

and arachnids were closely associated with riverbank

tree density and were among the greatest contributors

to overall flux biomass. A greater relative abundance

of non-flying terrestrial arthropods has been associated

with forested stream reaches in other studies as well

(Edwards & Huryn, 1996; Kawaguchi & Nakano, 2001).

Although we focussed our assessment on insects and

other arthropods entering the river by falling or being

blown into the water, other groups (e.g. earthworms,

slugs) and other potential entry vectors (e.g. crawling

into the water, overbank flows) may also contribute to

terrestrial inputs to rivers. We anticipate that inputs rep-

resented by these additional groups of organisms and

vectors would be relatively minor, although quantifying

the full complement of contributions will be important

to more refined estimates of the terrestrial invertebrate

inputs to rivers. We also recognise that the addition of a

surfactant to the pan traps, although widely used (e.g.

Russo et al., 2011), may have introduced an unintended

collection bias, capturing terrestrial arthropods that

would normally be able to escape after contact with

river water.

Aquatic emergence

Grasslands in our study system were mostly located

adjacent to the riverbank and separated the river chan-

nel from other land-cover patches farther inland (typi-

cally cultivated crops in rural landscapes). The relative

effectiveness of grassland buffers in capturing sediments

and minimising bank erosion is of particular importance

as the distribution of aquatic insects is strongly related

to characteristics of the benthic substratum (Richards &

Host, 1993; Minshall & Robinson, 1998), and may

explain the importance of grassland land cover as a pre-

dictor of emergence in our models. Our alternative

model, including total N, received substantially less sup-

port for emergence density (xi = 0.08 versus xi = 0.43

for the top ‘grassland’ model), and N was not included

in any of the models for emergence biomass. However,

because nutrient concentrations in rivers can be highly

variable over time (Jordan, Correll & Weller, 1997;

Castillo, Allan & Brunzell, 2000), a more comprehen-

sive temporal quantification of nutrients could help

discriminate between the different effects of N or land-

scape factors on emergence.

As in our study system, urbanisation has been linked

with aquatic invertebrate assemblages dominated by

dipterans and non-insect taxa (Roy et al., 2003), poten-

tially limiting emergence in urban landscapes through

shifts towards communities dominated by taxa that do

not emerge (e.g. Oligochaeta and Mollusca). In addition,

many of our urban reaches had dams, which can reduce

flow variability, increase the retention and deposition of

sediment and organic matter and artificially increase

depth and width of the channel in upstream impound-

ments (Santucci, Gephard & Pescitelli, 2005; Graf, 2006).

Thus, larval aquatic insects that rely on benthic periphy-

ton (e.g. grazers; mostly Heptageniidae in our system)

and interstitial benthic habitat, or those that collect drift-

ing organic matter (e.g. collector-filterers such as Hydro-

psychidae) were absent or scarce in urban, dammed

reaches. In contrast, free-flowing rural river reaches

supported greater densities of larger-bodied, collector-

filterers (Hydropsychidae), shredders (Leptoceridae),

predators (Coenagrionidae) and less tolerant collector-

gatherers (e.g. Baetidae).

Although our study design captured emergence

events in the early and late summer, aquatic insect

emergence can be highly variable over space and time

(Jackson & Fisher, 1986; Malison et al., 2010). Continuous

or more frequent sampling of emergent insects may be

an important step in future research to ensure that

greater variability in emergence events is captured.

However, we are confident that our sampling effort was

sufficient in capturing the predominant emergent insect

taxa of the Scioto River and our complement of families

is consistent with independent insect surveys in the sys-

tem (see OHEPA, 2012).

Implications for riverine food webs

Changes in cross-system subsidies could lead to broad-

ranging effects on both aquatic and riparian food webs.

Larger, warm-water rivers such as the Scioto River can

support trophically diverse assemblages of fish, yet only

a few foraging guilds are likely to consume terrestrial

arthropods as a significant proportion of their diets (e.g.

some cyprinids and centrarchid species). Thus, shifts in

the magnitude and composition of inputs might prefer-

entially subsidise select groups of fish, potentially lead-

ing to trophic cascades or shifts in food-chain length

(Marczak, Thompson & Richardson, 2007). Body size of

terrestrial arthropods is also likely to play a critical role,

whereby larger-bodied arthropods may support greater

abundance or biomass of insectivorous fishes or prompt

shifts in foraging locations (greater foraging efforts spent

in areas close to the bank) for both insectivorous fishes

and their predators.
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Shifts in aquatic emergence may also be important for

terrestrial food webs (Jackson & Fisher, 1986; Baxter

et al., 2005). In our study system, predatory arthropods,

especially those taxa that prey heavily on emergent

insects (such as ground beetles, Carabidae, and orb-web

spiders, Tetragnathidae; Paetzold, Schubert & Tockner,

2005; Sanzone et al., 2003), were positively associated

with rural riparian landscapes, which were similarly

characterised by greater density and biomass of aquatic

emergence. Shifts in magnitude and composition of

emergence may also have important consequences for

other terrestrial consumers. Tree swallows (Tachycineta

bicolor), for example, actively select larger-bodied

(Mccarty & Winkler, 1999) and aquatic (Mccarty, 1997;

Alberts et al., 2013) prey, implicating the magnitude and

composition of emergent insects in foraging and ener-

getic dynamics of aerial insectivorous birds.

Dispersal patterns of adult aquatic insects, which

change relative to the community composition of emer-

gent insects, can have implications for the spatial influ-

ence of aquatic prey subsidies to terrestrial systems (i.e.

the ‘biological stream width’; sensu Muehlbauer et al.,

2014). In our study, for instance, we found a clear rela-

tionship between rural riparian landscapes and larger-

bodied emergent insects, some of which are likely to be

relatively strong flyers (e.g. many trichopterans, Coenag-

rionidae and Sciomyzidae; Marden, 2008) and thus may

disperse and transport aquatically derived energy far

from the river. However, there is evidence from lake

systems that small, relatively weak flying taxa, such as

midges (family Chironomidae), may also disperse a con-

siderable distance inland (Dreyer et al., 2015).

Understanding the environmental influences that

structure bidirectional arthropod fluxes in rivers is nec-

essary for anticipating the potential effects on aquatic

and terrestrial consumers in linked river-riparian food

webs. In particular, our results suggest that urbanisation

alters reciprocal arthropod subsidies in terms of both

magnitude and community composition and can reduce

aquatic insect emergence and the availability of aquatic

prey to a suite of riparian consumers ranging from spi-

ders to insectivorous birds and bats. Additional research

is needed to assess empirically how changes in recipro-

cal arthropod fluxes might influence broader food-web

dynamics of river ecosystems in human-dominated

landscapes.

Acknowledgments

Research support was provided by state and federal

funds appropriated to The Ohio State University, Ohio

Agricultural Research and Development Center. We

would like to thank Jeremy Alberts, Paradzayi Tagwireyi,

Mikelis Berzins, Lindsey Boaz, Danielle Vent, Alayna Do-

robek and Kristin Shearer for their help in the field and

laboratory. We also appreciate suggestions from Alan Hil-

drew and anonymous reviewers that improved earlier

drafts of this manuscript.

References

Akamatsu F., Toda H. & Okino T. (2007) Relating body size

to the role of aquatic subsidies for the riparian spider Ne-

phila clavata. Ecological Research, 22, 831–836.
Alberts J.M., Sullivan S.M.P. & Kautza A. (2013) Riparian

swallows as integrators of landscape change in a multi-

use river system: implications for aquatic-to-terrestrial

transfers of contaminants. Science of the Total Environment,

463, 42–50.
Allan J.D. (2004) Landscapes and riverscapes: the influence

of land use on stream ecosystems. Annual Review of Ecol-

ogy Evolution and Systematics, 35, 257–284.
Baxter C.V., Fausch K.D. & Saunders W.C. (2005) Tangled

webs: reciprocal flows of invertebrate prey link streams

and riparian zones. Freshwater Biology, 50, 201–220.
Bellmore J.R. & Baxter C.V. (2014) Effects of geomorphic

process domains on river ecosystems: a comparison of

floodplain and confined valley segments. River Research

and Applications, 30, 617–630.
ter Braak C.J.F. & �Smilauer P. (2002) CANOCO Reference

Manual and CanoDraw for Windows User’s Guide: Software

for Canonical Community Ordination (Version 4.5). Micro-

computer Power, Ithaca, NY, U.S.A. Available at:

www.canoco.com.

Bridcut E.E. (2000) A study of terrestrial and aerial macro-

invertebrates on river banks and their contribution to

drifting fauna and salmonid diets in a Scottish catchment.

Hydrobiologia, 427, 83–100.
Burdon F.J. & Harding J.S. (2008) The linkage between

riparian predators and aquatic insects across a stream-

resource spectrum. Freshwater Biology, 53, 330–346.
Burnham K.P. & Anderson D.R. (2002) Model Selection and

Inference: A Practical Information-Theoretic Approach, 2nd

edn. Springer-Verlag, New York, NY, U.S.A.

Burnham K.P. & Anderson D.R. (2004) Multimodel infer-

ence – understanding AIC and BIC in model selection.

Sociological Methods & Research, 33, 261–304.
Castillo M.M., Allan J.D. & Brunzell S. (2000) Nutrient con-

centrations and discharges in a Midwestern agricultural

catchment. Journal of Environmental Quality, 29, 1142–1151.
Cloe W.W. & Garman G.C. (1996) The energetic importance

of terrestrial arthropod inputs to three warm-water

streams. Freshwater Biology, 36, 105–114.
Dreyer J., Townsend P.A., Hook J.C. III, Hoekman D., Van-

der Zanden M.J. & Gratton C. (2015) Quantifying aquatic

insect deposition from lake to land. Ecology, 96, 499–509.

© 2015 John Wiley & Sons Ltd, Freshwater Biology, 60, 2156–2168

2166 Kautza and Sullivan

http://www.canoco.com


Edwards E.D. & Huryn A.D. (1996) Effects of riparian land

use on contributions of terrestrial invertebrates to

streams. Hydrohiologia, 337, 151–159.
England L.E. & Rosemond A.D. (2004) Small reductions in

forest cover weaken terrestrial-aquatic linkages in head-

water streams. Freshwater Biology, 49, 721–734.
Faeth S.H., Warren P.S., Shochat E. & Marussich W.A.

(2005) Trophic dynamics in urban communities. BioSci-

ence, 55, 399–407.
Flotemersch J.E., Blocksom K., Hutchens J.J. Jr & Autrey

B.C. (2006) Development of a standardized Large River

Bioassessment Protocol (LR-BP) for macroarthropod

assemblages. River Research and Applications, 22, 775–790.
Fry J., Xian G., Jin S., Dewitz J., Homer C., Yang L. et al.

(2011) Completion of the 2006 national land cover data-

base for the conterminous United States. Photogrammetric

Engineering and Remote Sensing, 77, 858–864.
Fukui D., Murakami M., Nakano S. & Aoi T. (2006) Effect

of emergent aquatic insects on bat foraging in a riparian

forest. Journal of Animal Ecology, 75, 1252–1258.
Graf W.L. (2006) Downstream hydrologic and geomorphic

effects of large dams on American rivers. Geomorphology,

79, 336–360.
Greenwood H., O’Dowd D.J. & Lake P.S. (2004) Willow (Sa-

lix rubens) invasion of the riparian zone in south-eastern

Australia: reduced abundance and altered composition of

terrestrial arthropods. Diversity and Distributions, 10, 485–
492.

Henschel J.R., Mahsberg D. & Stumpf H. (2001) Allochtho-

nous aquatic insects increase predation and decrease her-

bivory in river shore food webs. Oikos, 93, 429–438.
Herlihy A.T. & Lazorchak J.M. (2000) Initial site procedures.

In: Environmental Monitoring and Assessment Program-Sur-

face Waters: Field Operations and Methods for Measuring the

Ecological Conditions of Non-Wadeable Rivers and Streams

(Eds J.M. Lazorchak, B.H. Hill, D.K. Averill, D.B. Peck &

D.J. Klemm), EPA 620/R-00/007, pp. 4.1–4.8. Office of

Research and Development, US Environmental Protection

Agency, Cincinnati, OH.

Hoover S.E.R., Shannon L.G.W. & Ackerman J.D. (2007)

The effect of riparian condition on invertebrate drift in

mountain streams. Aquatic Sciences, 69, 544–553.
Iwata T., Nakano S. & Murakami M. (2003) Stream mean-

ders increase insectivorous bird abundance in riparian

deciduous forests. Ecography, 26, 325–337.
Jackson J.K. & Fisher S.G. (1986) Secondary production,

emergence, and export of aquatic insects of a sonoran

desert stream. Ecology, 67, 629–638.
Jordan T.E., Correll D.L. & Weller D.E. (1997) Relating

nutrient discharges from watersheds to land use and

streamflow variability. Water Resources Research, 33, 2579–
2590.

Junk W.J., Bayley P.B. & Sparks R.E. (1989) The flood-pulse

concept in river-floodplain systems. Canadian Special Pub-

lications in Fisheries and Aquatic Sciences, 106, 110–127.

Kawaguchi Y. & Nakano S. (2001) Contribution of terrestrial

invertebrates to the annual resource budget for salmonids

in forest and grassland reaches of a headwater stream.

Freshwater Biology, 46, 303–316.
Kawaguchi Y., Taniguchi Y. & Nakano S. (2003) Terrestrial

invertebrate inputs determine the local abundance of

stream fishes in a forested stream. Ecology, 84, 701–708.
Kraus J.M. (2010) Diet shift of lentic dragonfly larvae in

response to reduced terrestrial prey subsidies. Journal of

the North American Benthological Society, 29, 602–613.
Laeser S.R., Baxter C.V. & Fausch K.D. (2005) Riparian

vegetation loss, stream channelization, and web-weaving

spiders in northern Japan. Ecological Research, 20, 646–651.
Lee P., Smyth C. & Boutin S. (2004) Quantitative review of

riparian buffer width guidelines from Canada and the

United States. Journal of Environmental Management, 70,

165–180.
Loomis J.D. & Cameron G.N. (2014) Impact of the invasive

shrub Amur honeysuckle (Lonicera maackii) on shrub-layer

insects in a deciduous forest in the eastern United States.

Biological Invasions, 16, 89–100.
Malison R.L., Benjamin J.R. & Baxter C.V. (2010) Measuring

adult insect emergence from streams: the influence of trap

placement and a comparison with benthic sampling. Jour-

nal of the North American Benthological Society, 29, 647–656.
Marczak L.B., Sakamaki T., Turvey S.L., Deguise I., Wood

S.L.R. & Richardson J.S. (2010) Are forested buffers an

effective conservation strategy for riparian fauna? An

assessment using meta-analysis. Ecological Applications, 20,

126–134.
Marczak L.B., Thompson R.M. & Richardson J.S. (2007)

Meta-analysis: trophic level, habitat, and productivity

shape the food web effects of resource subsidies. Ecology,

88, 140–148.
Marden J.H. (2008) Evolution and physiology of flight

in aquatic insects. In: Aquatic Insects: Challenges to Popula-

tions: Proceedings of the Royal Entomological Society’s

24th Symposium (Eds J. Lancaster & R.A. Briers), pp. 230–
249. Royal Entomological Society of London, London, U.K.

Mason C.F. & Macdonald S.M. (1982) The input of terres-

trial invertebrates from tree canopies to a stream. Fresh-

water Biology, 12, 305–311.
Mccarty J.P. (1997) Aquatic community characteristics influ-

ence the foraging patterns of tree swallows. Condor, 99,

210–213.
Mccarty J.P. & Winkler D.W. (1999) Foraging ecology and

diet selectivity of tree swallows feeding nestlings. Condor,

101, 246–254.
Meyer L.A. & Sullivan S.M.P. (2013) Bright lights, big city:

influences of ecological light pollution on reciprocal

stream-riparian invertebrate fluxes. Ecological Applications,

23, 1322–1330.
Minshall G.W. & Robinson C.T. (1998) Macroinvertebrate

community structure in relation to measures of lotic habi-

tat heterogeneity. Archiv f€ur Hydrobiologie, 141, 129–151.

© 2015 John Wiley & Sons Ltd, Freshwater Biology, 60, 2156–2168

River-riparian arthropod fluxes 2167



Muehlbauer J.D., Collins S.F., Doyle M.W. & Tockner K.

(2014) How wide is a stream? Spatial extent of the poten-

tial “stream signature” in terrestrial food webs using

meta-analysis. Ecology, 95, 44–55.
Ohio Environmental Protection Agency (OHEPA) (2012)

Biological and water quality study of the middle Scioto

River and select tributaries, 2010. Ohio EPA Technical

Report EAS/2012-12-12, Columbus, OH, U.S.A.

Paetzold A., Bernet J.F. & Tockner K. (2006) Consumer-spe-

cific responses to riverine subsidy pulses in a riparian

arthropod assemblage. Freshwater Biology, 51, 1103–1115.
Paetzold A., Schubert C.J. & Tockner K. (2005) Aquatic ter-

restrial linkages along a braided-river: riparian arthro-

pods feeding on aquatic insects. Ecosystems, 8, 748–759.
Petersen I., Masters Z., Hildrew A.G. & Ormerod S.J. (2004)

Dispersal of adult aquatic insects in catchments of differ-

ing land use. Journal of Applied Ecology, 41, 934–950.
Petersen I., Winterbottom J.H., Orton S., Friberg N. & Hil-

drew A.G. (1999) Emergence and lateral dispersal of

adult stoneflies and caddisflies from Broadstone Stream.

Freshwater Biology, 42, 401–416.
Polis G.A., Anderson W.B. & Holt R.D. (1997) Toward and

integration of landscape and food web ecology: the

dynamics of spatially subsidized food webs. Annual

Reviews in Ecology and Systematics, 28, 289–316.

Raupp M.J., Shrewsbury P.M. & Herms D.A. (2010) Ecology

of herbivorous arthropods in urban landscapes. Annual

Review of Entomology, 55, 19–38.
Richards C. & Host G.E. (1993) Identification of predomi-

nant environmental factors structuring stream macroin-

vertebrate communities within a large agricultural

catchment. Freshwater Biology, 29, 285–294.
Richardson J.S., Zhang Y.X. & Marczak L.B. (2010) Resource

subsidies across the land-freshwater interface and

responses in recipient communities. River Research and

Applications, 26, 55–66.
Romaniszyn E.D., Hutchens J.J. Jr & Wallace J.B. (2007)

Aquatic and terrestrial invertebrate drift in southern

Appalachian Mountain streams: implications for trout

food resources. Freshwater Biology, 52, 1–11.
Roy A.H., Faust C.L., Freeman M.C. & Meyer J.L. (2005)

Reach-scale effects of riparian forest cover on urban

stream ecosystems. Canadian Journal of Fisheries and Aqua-

tic Sciences, 62, 2312–2329.
Roy A.H., Rosemond A.D., Paul M.J., Leigh D.S. & Wallace

J.B. (2003) Stream macroinvertebrate response to catch-

ment urbanisation (Georgia, USA). Freshwater Biology, 48,

329–346.
Russo L., Stehouwer R., Heberling J.M. & Katriona S. (2011)

The composite insect trap: an innovative combination trap

for biologically diverse sampling. PLoS One, 6, e21079.

Sabo J.L. & Power M.E. (2002) Numerical response of liz-

ards to aquatic insects and short-term consequences for

terrestrial prey. Ecology, 83, 3023–3036.
Santucci V.J., Gephard S.R. & Pescitelli S.M. (2005) Effects

of multiple low-head dams on fish, macroinvertebrates,

habitat, and water quality in the Fox River, Illinois.

North American Journal of Fisheries Management, 25, 975–
992.

Sanzone D.M., Meyer J.L., Marti E., Gardiner E.P., Tank J.L.

& Grimm N.B. (2003) Carbon and nitrogen transfer from

a desert stream to riparian predators. Oecologia, 134, 238–
250.

SAS Institute (2012) JMP Statistical Discovery Software. Ver-

sion 10.0. SAS Institute, Cary, NC, U.S.A.

Sweeney B.W., Bott T.L., Jackson J.K., Kaplan L.A., New-

bold J.D., Standly L.J. et al. (2004) Riparian deforestation,

stream narrowing, and loss of stream ecosystem services.

Proceedings of the National Academy of Sciences of the United

States of America, 101, 14132–14137.
United States Census Bureau (USCB) (2010) State and

county quick facts. Accessed online January 2014 at:

http://quickfacts.census.gov/qfd/states/39/39049.html.

Accessed April, 2014

Vannote R.L., Minshall G.W., Cummins K.W., Sedell J.R.

& Cushing C.E. (1980) The river continuum concept.

Canadian Journal of Fisheries and Aquatic Sciences, 37,

130–137.
Ward J.V. & Stanford J.A. (1983) The serial discontinuity

concept in lotic ecosystems. In: Dynamics of Lotic Ecosys-

tems (Eds Fontaine T.D. & S.M. Bartell), pp. 29–42. Ann

Arbor Science, Ann Arbor, MI, U.S.A.

Ward J.V. & Stanford J.A. (1995) The serial discontinu-

ity concept: extending the model to floodplain riv-

ers. Regulated Rivers: Research and Management, 10, 159–
168.

White D., Johnston K. & Miller M. (2005) Ohio river basin.

In: Rivers of North America (Ed. A.C. Benke & C.E. Cush-

ing), pp. 375–424. Elsevier Academic Press, Burlington,

MA, U.S.A.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Riparian land cover and bankside vegeta-

tion composition at 12 Scioto-Olentangy River study

reaches.

Appendix S2. Additional arthropod flux results.

(Manuscript accepted 17 June 2015)

© 2015 John Wiley & Sons Ltd, Freshwater Biology, 60, 2156–2168

2168 Kautza and Sullivan

http://quickfacts.census.gov/qfd/states/39/39049.html

