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Abstract
Adult aquatic insects are important vectors for aquatic transfers to terrestrial
consumers and an integral component of riparian and terrestrial food webs.
Incorporation of aquatic subsidies into terrestrial food webs depends heavily on the
dispersal and life history traits of aquatic insects. Agricultural land use often results in
the degradation of in-stream and riparian habitats which may affect the efficiency of
cross-habitat exchanges.
In this thesis I studied; (i) how land use (forested and agriculture) affects stream
invertebrate assemblages, with special focus on aquatic insects, (ii) how riparian
habitats differ with land use and how these differences affect dispersal of emerged adult
aquatic insects, and (iii) if the distribution of riparian arthropod consumers is related to
food resources (aquatic and terrestrial dipterans) and/or riparian habitat (e.g.,
substratum and microclimate).
Subsidy production (abundances of adult aquatic insects) was over five times greater
in agricultural streams, however, most emerging insects dispersed no further than 10m
from the stream edge. In contrast, dispersal of adult aquatic insects declined little with
distance in the forested sites. Furthermore, the abundance of arthropod consumers was
lower at agricultural sites, compared to forested sites. Taken together, these results
indicate that agricultural practices result in reduced subsidy resource exchange
efficiency, where energy flow to riparian habitats is weakened relative to the
productivity of the stream. Specifically, cross-habitat transfers are constrained by
factors associated with land use, microhabitat and phenology.
Land use has been largely ignored in studies of aquatic to terrestrial cross-habitat
resource exchanges. This thesis illustrates the interdependence of spatial resources and
how anthropogenic alterations can disrupt cross-scale linkages. This thesis brings
attention to the importance of aquatic-terrestrial linkages in forested and agricultural
landscapes, demonstrating that anthropogenic impacts may have deeper consequences
for aquatic and terrestrial ecosystems than have been previously identified.
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1

Introduction

1.1 Cross-ecosystem resource flows and the importance of
aquatic subsidies
Cross-ecosystem resource flows are increasingly recognized as important links
between adjacent ecosystems. Indeed, resource transfers are key components
of virtually all ecosystems, since habitats are rarely closed or noninteractive
with other habitats (Likens & Bormann, 1974; Polis et al., 1997; Lamberti et
al., 2010). When transfers subsidize the functioning of recipient habitats they
are known as spatial resource subsidies. Spatial resource subsidies can be
further described as any persistent or recurring process in which donorcontrolled resources such as nutrients, matter, and organisms cross boundaries
and have fundamental impacts on the structure and dynamics of populations,
communities and food webs in recipient habitats (Polis et al., 1997). Transfer
of spatial resource subsidies, such as organisms, may be accidental (e.g., by
winds), or a product of life history (e.g., migration, ontogenetic habitat
switches) or interactions (e.g., interference competition inducing dispersal)
(Polis et al., 1997).
Boundaries between aquatic and terrestrial ecosystems are important
interfaces for spatial resource transfers. Lotic systems offer exceptional models
for the study of how resource subsidies affect recipient habitats, not least
because of the relatively sharp nature of the aquatic-terrestrial boundary.
Although stream systems are small, compared to the surrounding terrestrial
landscape, they are also numerous and therefore collectively have the potential
to export to the adjacent riparian and terrestrial areas a large subsidy of
emerging aquatic insects (e.g., Moldenke & Ver Linden, 2007). These
subsidies are important for the life history of riparian and terrestrial consumers;
affecting abundance, territoriality, feeding behavior, and reproductive success
as well as acting as an integral component of riparian and terrestrial food webs.
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Transfer of subsidies from terrestrial to aquatic environments (e.g., as plant
litter fall) have been long studied, however, comparatively few studies have
addressed reciprocal transfers in the opposite direction (aquatic to terrestrial
environments) particularly in the form of emerging aquatic insects.
Furthermore, knowledge is lacking of how deliveries and consumption of the
adult flying stages of aquatic insects are affected by differing environments
within riparian and terrestrial habitats.
The riparian ecotone is the space that can be thought of as the threedimensional arena where the cyclic processes of aquatic-terrestrial resource
exchange occur (Gregory et al., 1991). Riparian zones have been described to
extend outward from the wetted edge of the stream channel including the limits
of flooding, and extend into the canopy of streamside vegetation (Sedell et al.,
1991), and are directly proportional to stream size and site topography (Bilby,
1988). The conditions in riparian zones result in a diverse array of species,
habitats, and environmental conditions and processes. In natural riverine
systems the most important drivers of riparian microhabitat complexity are
disturbance related factors, including flooding regimes (with frequent moderate
floods favouring greatest complexity), in combination with characteristics of
riparian vegetation and upland influences on the fluvial corridor being the most
important. The resulting dynamic environment supports a variety of life-history
strategies, biogeochemical cycles and rates, and organisms adapted to
disturbance regimes over broad spatial and temporal scales (Naiman &
Decamps, 1997). It is the unique physical, chemical, and biological features of
this space, which largely mediates characteristics of subsidy and consumer
communities along with their associated interactions.
Arthropod generalist predators, such as ground beetles (Carabidae), rove
beetles (Staphylinidae), and spiders (Arachne), exploit and benefit from
emerging aquatic insects, and are therefore ideal model organisms to study the
importance of how different factors affect subsidy utilization. Forested riparian
habitats usually contain a greater diversity of microhabitats, which support
more species-rich assemblages with a larger number of rare and specialist
species (Sadler et al., 2004). On a broad scale, riparian species may be
described as euryoecious (species able to tolerate a wide range of
environments) and stenoecious (species restricted to specific environmental
conditions). Species falling into the latter group are typically hygrophilous
(species preferring moist environments) some of which are found only within
riparian environments (Matern et al., 2007). In a functionally intact system
these taxa typically display lateral distributional patterns from the stream edge
correlated with dynamic combinations in strong gradients of temperature,
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humidity, and inundation frequency, on top of which can be variations in the
degree of vegetation cover, sediment size and sorting, and shading.
The importance of aquatic production to a terrestrial consumer community
is moderated by a number of complex and dynamic biotic and abiotic factors,
such as spatial and temporal shifts in the relative productivities of habitats
(Lynch et al., 2002; Chan et al., 2007) coupled by trophic exchange (Nakano &
Murakami, 2001; Wesner, 2010), predator-prey life history traits (Baxter et al.,
2005) and features of the riparian ecotone such as boundary permeability
(Wiens et al., 1985; Polis et al., 1997; Cadenasso et al., 2003) and microhabitat
complexity (Bates et al., 2007). These factors, along with life history trait
compatibility of both the subsidy (e.g., delivery, quality, quantity) and
consumer community (e.g., mobility, ability to capture and process), can have
strong direct and indirect effects on patterns of retention and pathways of use.
In the following sections of the introduction of this thesis I discuss briefly
how these components individually influence linkages between aquatic and
terrestrial habitats. In three final sections I discuss gaps in current knowledge
and how impacts of human disturbance, particularly agricultural practices,
influence these components and the potential consequences for resource
transfers.

1.2 In-stream productivity
Immature stages of aquatic insects are affected by many interacting biotic (e.g.,
food webs, trophic relationships) and abiotic (e.g., current, substrate,
temperature, oxygen) factors. Most studies and conceptual models pertaining to
stream food webs have focused on the quantity of each food web component
and the movement of energy and materials from allochthonous and
autochthonous food sources to aquatic insects (e.g., Vannote et al., 1980), with
much less attention given to the quality of these food sources and seasonal
variations in their supply and composition (Feminella & Hawkins, 1995).
Seasonal changes and stochastic shifts in food sources of benthic algae and
terrestrial matter (Lamberti and Steinman, 1997; Doi et al., 2007) may produce
limitation of higher quality resources, and benthic insects track these changes
and show dietary shifts as a function of resource availability (Haapala et al.,
2001). Limitation and competition for higher quality in-stream basal resources
may reflect the relative densities and nutritional quality of the insects as they
emerge and become a subsidy for riparian and terrestrial consumers.
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1.3 Aquatic versus terrestrial prey
Some studies have demonstrated that aquatic subsidies have the largest effects
on recipient food webs when contributions to prey abundance are substantial in
comparison to that produced by the recipient habitat alone (Nakano &
Murakami, 2001; Marczak et al., 2007b). However, other studies indicate that
aquatic insects can provide an important energy subsidy to recipient consumers
even when primary productivity of the riparian/terrestrial habitat exceeds that
of the stream (e.g., Marczak & Richardson, 2007). Even when riparian in-situ
productivity exceeds in-stream productivity these subsidies may have a high
impact on consumers by redressing specific nutritional imbalances in terrestrial
food webs, particularly in providing proteins and lipids (Mayntz et al., 2005)
which are produced within aquatic environments (Gladyshev et al., 2009;
Torres-Ruiz & Wehr, 2010) and not easily synthesized or assimilated in
terrestrial environments (Muller-Navarra et al., 2000; Arts et al., 2001;
Goedkoop et al. 2007). Choice of aquatic or terrestrial prey is influenced by
relative prey availability and the ability of a consumer to utilize dynamic
resources, and individuals often compete spatially within habitats to be the first
recipients of certain subsidy flows (Marczak et al., 2007a).

1.4 Timing of emergence
Timing and rate of aquatic insect emergence can have strong effects on
consumer distributions as well as efficiency of subsidy utilization. Aquatic
insects often time their emergence based on the physical and biotic
environment that adults encounter. For example, seasonal restriction of
emergence to the warmer months of the year is a phenomenon typical of
insects in colder temperate regions. In addition to seasonality, the rate of
emergence is dynamic and taxon specific and may be: continuous with
irregular fluctuations in rate; rhythmic, with a lunar period; or sporadic,
occurring at irregular intervals of a few days. Timing and rate of emergence is
largely based on cues such as light, water temperature and discharge pattern,
plus competition and nutrition during the immature stage (Sweeney, 1993;
Giberson & Garnett, 1996; Merritt et al., 2008). Variation in climatic
conditions and nutrition in the immature stage may also influence the lifecycle, resulting in differences in emergence periods.
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1.5 Dispersal
Emergence locality within the stream reach is influenced by geomorphological
characteristics and habitat related productivity combined with taxon-specific
methods of dispersal. Emergence of most Diptera and Trichoptera occurs
through the water column, whereas emergence of others, such as Plecoptera
and some Ephemeroptera occurs from the stream bank (Merritt et al., 2008).
Dispersal is possible by crawling, swimming, and drift during the aquatic stage
and the method of emergence for metamorphosis varies broadly between taxa.
Dispersal during the terrestrial stage of aquatic insects occurs mostly by flight,
but also by crawling over land and upon available substrate.
Movement of adult aquatic insects among riparian habitats differs broadly
among taxa (Huryn et al., 2008). In general most studies have shown that
individuals stay close to or above the stream channel, and that densities decline
exponentially with increasing distance from the stream (e.g., Jackson & Resh,
1989, Kovats et al., 1996; Collier & Smith, 1998; Winterbourn et al., 2007;
Finn & Poff, 2008). Species with longer life spans, especially those that feed as
adults, as well as stronger fliers are likely to have a higher capacity for larger
dispersal ranges. Longer distance dispersal, including emigration from the natal
stream, is typically triggered by environmental cues (e.g., wind speed or
direction, light intensity, temperature or moister gradients, presence or absence
of trees or other vegetation) (Ims & Hjermann, 2001). Abundance, relative to
in-stream production, also has an effect on maximum dispersal distances along
with characteristics of the riparian-terrestrial habitat.
Vegetative related dispersal patterns are often discussed in the context of
‘corridor-barrier’ effects, which suggest that riparian vegetation functions as a
‘corridor’ or as a ‘barrier’ for adults of many aquatic species that require
specific vegetation or related physical factors. The importance of the corridorbarrier effect varies between taxa such as stoneflies and caddisflies (Petersen et
al., 1999), and chironomid midges (Delettre & Morvan, 2000). For example,
longer dispersal distances of up to several kilometers have been reported for
stoneflies (Ulfstrand, 1969; Elvang & Madsen, 1973; Kuusela & Huusko,
1996) and caddisflies (Svensson, 1974). Species traits, such as larger overall
size, greater thoratic mass, greater wing loading, and greater wing size, have
been found to relate to larger population range sizes (Malmqvist, 2000;
Hoffsten, 2004; Rundle, et al., 2007) and flight ability (Rankin & Burchsted,
1992; Marden, 2000). In turn, these traits also might be correlated with a
greater ability to avoid or tolerate adverse environmental conditions and
therefore are potentially less influenced by ‘corridor-barrier’ effects. On the
other hand, ‘corridor-barrier’ effects are often particularly important for weak
fliers. For example, a study by Delettre and Morvan, (2000) found that
15

chironomid midges tended to aggregate in vegetated areas rather than open
areas near the stream, and as a consequence discouraged dispersal because
insects were less likely to move from preferred vegetation into open habitat.

1.6 Anthropogenic disturbance
Anthropogenic disturbance has strong effects on the structure and function of
stream ecosystems that may alter benthic communities directly, or alter their
basal resources which will have consequences to the value of subsidies for
consumers. Likewise, human activity has altered the natural linkages between
streams and their surrounding terrestrial environments. Hydromorphological
alterations are judged to be one of the most serious human-generated effects
affecting the integrity of lotic systems. The most common alterations are
channel straightening and removal of riparian vegetation (Allan & Flecker,
1993; Naiman & Décamps, 1997; Ward, 1998). Both have direct effects on
organisms in the habitats where they occur, but also have potential to cause
indirect effects by interrupting the flux of resources between the two adjacent
ecosystems.
Reduction of riparian vegetation (e.g., forest harvesting) can increase solar
radiation in the riparian zone as well as wind speed and exposure to air
advected from open areas, typically causing increases in air, soil, and stream
temperatures and decreases in relative humidity (reviewed by Moore et al.,
2005). Furthermore, habitat structure is simplified through the lack of vertical
stratification, for example; fewer age classes of trees and shrubs are
represented, dead wood is often at a similar stage of decay or totally lacking,
and few to no standing dead trees occur. Channelization tends to diminish
microhabitat complexity due to interrelated effects from hydropeaking such as
increased substrate embeddedness, or washout of vegetation or specific
riverine habitats such as sandbars (Allan & Castillo, 2007).
Complete deforestation has had negative impacts on dispersal patterns, and
studies have demonstrated greater diversity (Harrison & Harris, 2002) and
abundance (Petersen et al., 1999; Smith et al., 2002; Winterbourn et al., 2007)
of adult aquatic insects in riparian areas with herbaceous vegetation and trees
compared to riparian areas consisting of more open land. Furthermore,
exchange of native with non-native riparian forests has been shown to reduce
diversity of dispersing adult aquatic insects. For example, in the New Zealand
hill country, Collier et al., (1997) found a greater number of adult stream-insect
taxa in native than in non-native pine forests. These patterns may be explained
by species-specific foraging preferences in vegetation (Harper, 1973) and/or
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physical factors related to differences in vegetation such as temperature,
humidity, wind, light and shade (Harper, 1973; Sweeney, 1993).
These studies demonstrate that alteration of vegetation differently affects
the distribution patterns of adult aquatic insects, compromising the delivery
essential resources to consumers of specific subsidies. Moreover, efficient use
of subsidies depends largely on the synchronization to specific timing and
amount of a resource subsidy relative to life history characteristics of specific
consumer taxa (Kato et al., 2004; Paetzold et al., 2005, 2006). The timing of
cues to emerge (e.g., temperature and flow patterns) may be altered by
reduction of riparian vegetation, channelization, as well as potential impacts
from climate change (e.g., Harper & Peckarsky, 2006). Various responses in
consumers may be attributed to the degree of specialization for aquatic prey as
well as mobility in response to aquatic insect flux.
Habitats with high levels of spatial heterogeneity generally support a
diverse assemblage of riparian arthropods, with a range of different life
histories capable of responding to availability of different food types (e.g.
terrestrial vs. aquatic). Anthropogenic alterations can result in decreased
consumer abundance and diversity, and constrain the distribution of sensitive
species (e.g., hygrophilous, riparian specialist, forest obligates) inducing shifts
towards less specialized euryoecious arthropod assemblages especially those
with high dispersal abilities. Negative correlations have been found between
alterations to vegetation (e.g., litter depth, structural complexity) and
assemblages of spiders (Bultman & Uetz, 1982; Uetz, 1991) and ground
beetles (Gunnarsson et al., 2004; Sroka & Finch, 2006). Likewise, riparian
arthropod spider and rove beetle abundance and richness are negatively
correlated to flow regulation and river channelization (e.g., hydropeaking,
substrate embeddedness) (Paetzold et al., 2008).

1.7 Gaps in current knowledge
The total production of potential emergent insects from a stream depends on
the number of meters of stream channel with a high or low production of
insects with a terrestrial winged stage. Knowledge is lacking of the
environmental differences in habitats and resulting changes in biota in relation
to resource transfers via emerging aquatic insects. It has been well documented
that changes in the dominant habitat types and their environments result in
changes to benthic assemblages. However, few studies have specifically
focused on impacts to the production of aquatic insects with an adult flying
stage, and even fewer studies have addressed how this may impact the specific
abilities of the subsidy to infiltrate into the terrestrial environment. Secondly,

17

in order to give a more holistic insight to the interdependence of factors
controlling aquatic resource deliveries, studies are needed that can relate instream potential subsidy production to actual dispersal into terrestrial habitats.
Studies are lacking that connect dispersal patterns and riparian habitat
alterations, especially in the context of the minimum amount needed to
maintain efficient transfers of essential resources to consumers that rely on
such linkages. Additionally, most studies have considered the role of subsidies
only in terms of magnitude, neglecting how structure of the subsidy relative to
in situ resources may impact subsidy consumption by potential recipients.
Thirdly, responses of a broader spectrum of potential consumer taxa need to be
studied in order to detect which are keystone taxa in these interactions and
which taxa are most sensitive to the weakening or loss of linkages. Certain
riparian types have been little studied and we lack information on linkages
related to specific microhabitats and other riparian characteristics that are
essential to key consumer groups. Studies that include these aspects
concurrently will increase our ability to more precisely identify controls of
efficiency and retention in transfers of resources across riparian boundaries.
Collectively, this would give clearer insight into potential pathways of initial
transfers in recipient food webs, how consumers further up the food chain may
be impacted, and the ultimate fate of aquatic resources.

1.8 Agricultural land use
The impacts of changes in land use, such as pastoral and crop development and
the removal of riparian vegetation on stream ecosystems, are well established
(e.g., Quinn, 2000; Allan & Castillo, 2007), but few have considered impacts
upon aquatic-terrestrial linkages. Agricultural development often alters the key
aspects of stream habitats that influence invertebrate communities, including
the type of food available, the physical shape of the stream, flow regime and
water quality (Allan & Castillo, 2007). These changes often result in higher instream production, compared to forested streams. However, it is important to
consider the ability of the donor habitat to export this increase in productivity
as subsidies to recipient habitats. Highly eutrophic waterways are often
accompanied by changes to benthic assemblage traits that in conjunction with
altered riparian habitats may impair their ability to export aquatic derived
resources to terrestrial food webs. Furthermore, consumer assemblages in the
riparian environment are likely to differ with land use, potentially limiting their
capacity to absorb subsidies. Perturbation affecting biota could alter the faunal
dynamics and composition of both aquatic and terrestrial food webs by
decoupling the natural interaction between riparian and stream habitats. Taken
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together, it is likely that agricultural practices ultimately result in reduced
subsidy resource exchange efficiency, where energy flow to riparian habitats is
weakened relative to productivity of the stream.
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2

Objectives of the thesis

The overall objective of this thesis is to increase our understanding of linkages
between aquatic and terrestrial ecosystems, with particular focus on how
anthropogenic activities in the form of agricultural land use impacts the
production and deliveries of aquatic insect resource subsidies, and the
responses of terrestrial arthropod consumers. The specific objectives were to:
1. Investigate how land use and habitat interact to affect in-stream benthic
invertebrate communities, including abundance, diversity and functional traits.
In paper I, the focus was to assess the main environmental drivers of benthic
assemblage differences between agricultural and forested streams, and riffle
and pool habitats. In paper II, the aim was to assess land use effects on innate
dispersal and life history traits of aquatic insects in terms of their potential as
vectors of subsidy transfers from streams into terrestrial habitats.
2. Investigate how land use related alterations within the riparian zone affect
dispersal patterns of emerging adult aquatic insect subsidies and the capacity of
ground-dwelling (epigeal) arthropod consumers to respond to subsidy input. In
paper III, the aim was to study how agricultural versus forested riparian
environments affect dispersal patterns of flying adult aquatic insects. In paper
IV, the aim was to assess how distributions of epigeal arthropod consumers
respond to differences in land use, microhabitat complexity and microclimate,
and variation in prey type and quantity (e.g., emerging aquatic insects vs.
terrestrial insects).
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3

Materials and methods

3.1 Study sites
Seasonal samples of benthic invertebrates, aerial insects, and epigeal
arthropods as well as environmental variables were collected from eight
(Papers II, III, VI) or nine (Paper I) small to medium, lowland boreal streams
and there surrounding riparian environments in south-central Sweden (Fig. 1,
Table 1). The streams were circumneutral and ranged from nutrient poor to
nutrient rich (Table 1). Catchments of four of the streams were predominantly
forested, with very little influence of agriculture, while the other four (Papers
II, III, IV) or five (Paper I) consisted of landscapes more influenced by
agricultural activity, with relatively less forested area. Riparian vegetation
differed between the two stream groups. The four forest-dominated streams
had catchments consisting almost entirely of mature coniferous and mixed
forests, dominated by pine and spruce, with birch also common (Table 1, Fig.
2). Riparian vegetation was more variable among the agricultural sites,
consisting either of relatively young broadleaf and mixed forests, including
alder and willow, or mainly open grassland and cereal fields with only sparse
distributions of brush and trees directly adjacent to the stream bank (Table 1,
Fig. 2).
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Figure 1. Schematic diagram showing the location of the nine study streams situated in the boreal
region of south-central Sweden.

Figure 2. Riparian habitat of (a) an agricultural site (Strömarån), and (b) a forested site
(Björnbäcken).
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Table 1. Summary of descriptor variables of forested verses agricultural study sites.
Stream chemistry

Catchment

Riparian
Riparian
width (m)

% Forest
area

% Arable
land/pastures

9

34.8

0

76.4

> 100

3

44.7

6.93

83

53

23.9

0.6

75.9

> 100

2

30.8

6.87

156

72.3

9.1

0.04

98.0

> 100

Hågaån I, III, Agr. 4
IV

19

8.12

1154

52.5

120.8

28.5

49.1

55.3

Husby. I, II,

Agr. 4

10.8

7.82

319

45.0

156

25.2

44.5

5.2

Lissån

I, II,
III,
IV

Agr. 4

15

8.27

1450

112.8

55.3

32.1

50.0

33.5

Löt.

I, II,
III,
IV

Agr. 3

14.6

7.83

1824

198.2

12.9

42.7

36.3

5.9

Ström.

I, II,
III,
IV

Agr. 4

28.2

8.08

65.25 24.8

53.9

8.4

60.5

7.4

17.2

I, II,
III,
IV

For.

4

Fibyån I, II,
III,
IV

For.

Pingla. I, II,
III,
IV

For.

Björn.

8.11

Catchment
(km2)

(ȝg /L)

18

2

TP

NO2-NO3
(ȝg /L)

191.1 6.27

For.

pH

> 100

Altitude

72.7

Order

0.1

Land use

19.9

Paper

17

Stream *

163

Älgsjö. I, II,
III,
IV

* Abbreviated stream names in the table are as follows: Älgsjö. = Älgsjöbäcken, Björn. = Björnbäcken, Pingla.
= Pinglaström, Husby. = Husbyån, Löt. = Lötbäcken, Ström. = Strömarån.

3.2 Sampling of biota
3.2.1 Benthic invertebrates (I, II)

For papers I and II, benthic invertebrate assemblages were quantitatively
sampled in autumn 2008 and spring 2009 from pool and riffle habitats. Three
replicate samples were collected from each pool and riffle habitat using a 40
cm high, 500 μm mesh Hess sampler covering a bottom area of 0.086 m2
(Wildlife Supply Company http://www.wildco.com). Collected organisms and
detrital material were preserved in the field in 70% ethanol and returned to the
laboratory for processing. Organisms were sorted from the debris, identified to
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the lowest level of taxonomic resolution possible, and counted. Samples with a
relatively high number of organisms (>300/sample) were subsampled by
sorting a minimum of 300 individuals in a fraction of the sample, with the
remainder of the sample searched for rare taxa not present in the subsample.
3.2.1.1 Benthic invertebrate community response variables (I)
In paper I, mean taxon abundance values from each habitat unit in each season
were taken by averaging across the three replicate Hess samples and
recalculating to mean abundance per m2. Five univariate metrics of assemblage
abundance/diversity were used as response variables: (1) total density, (2)
taxon richness, (3) evenness, calculated as the square of Shannon diversity
divided by the number of taxa, (4) Shannon diversity, and (5) % EPT taxa,
calculated as the percentage of Ephemeroptera, Plecoptera, and Trichoptera
taxa in a sample.
3.2.1.2 Traits of benthic invertebrates (I, II)
In paper I, biological traits of benthic invertebrates were used to reflect
ecological responses of communities to environmental conditions (e.g.,
Townsend & Hildrew, 1994; Poff, 1997), indirectly describing functional
integrity (Dolédec & Statzner, 2010). Trait information was taken from
ASTERICS 3.3 (IRV Software, Vienna, Austria; http://www.fliessgewaesserbewertung.de/en/download/berechnung/); 14 trait categories related to
functional feeding groups (FFGs) and mode of locomotion were used. The
percent of taxa was calculated for each category within the two groups: (i)
FFGs were categorized as grazers/ scrapers, miners, xylophagous species,
shredders, gatherers/collectors, active filter feeders, passive filter feeders,
predators, and parasites; (ii) mode of locomotion traits were categorized as
swimming/skating, swimming/diving, burrowing/boring, sprawling/walking,
and (semi) sessile.
In paper II, trait information for taxa with an adult winged stage were taken
from Poff et al., (2006) regarding: (1) Adult flying strength (weak/strong), (2)
Voltinism (semi/uni-, bi- or multivoltine), (3) Size at maturity
(small/medium/large), (4) Synchronization of emergence (poorly/well
synchronized), and (5) Adult life span (very short/short/long) which give in
total 12 states (2 - 3 trait states for each of the five traits).
3.2.2 Aquatic and terrestrial flying insects (III, IV)

Flying insects were sampled for a period of four days in August, September,
and October in 2009 and in April 2010.Traps consisted of two clear A4 sized
acetate sheets (623.7 cm2) clamped to a 1 m high stand made of an inverted
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“plant support” allowing continuous collection of insects on both sides for a
total collecting surface area of 1247cm2 (Fig. 3) The outermost surface of the
acetate sheets were coated with an odorless, non-drying insect coating adhesive
(Tanglefoot, The Tanglefoot Company). Traps were placed in transects
perpendicular to the stream at distances 1, 5, 10, 50, and 100 m from the stream
edge (Fig. 4). On each sample date, acetate sheets were removed from the
stands, wrapped in plastic foil, and stored in a freezer for later analysis.
Insects were identified, usually to family level, and classified as either
aquatic or terrestrial in origin according to their larval habitats (Nilsson, 2005;
Merritt et al., 2008). A few families include aquatic, semi-aquatic and
terrestrial species, but these were never abundant, and were classified as
aquatic (e.g., Tipulidae). All ephemeropteran, plecopteran, and trichopteran
individuals were identified and counted on the entire sheet. For other orders, if
a large number of insects (e.g., dipterans) were collected, the following
subsampling protocol was used: acetate sheets were placed on white paper,
consisting of a grid of 20 5.94 × 5.25 cm squares. Within each sheet, five
squares within each row were randomly sampled, resulting in a survey of a
minimum of 25% (311.85 cm2) of the total coverage area of both sheets
combined. Aquatic and terrestrial dipterans were the dominant group captured
among all sites, followed by trichopterans. Thus the primary focus groups in
papers III were aquatic dipterans and trichopterans, and in paper IV aquatic and
terrestrial dipterans.
3.2.3 Epigeal arthropod consumers (IV)

Carabid and staphylinid beetles (Coleoptera), and ground hunting spiders
(Araneae) were collected using pitfall traps, which consisted of glass jars (60
mm diameter × 70 mm deep) sunk into the ground, with the open top of the jar
level with the ground surface, and covered by a 15 × 15 mm piece of plywood
supported by nails (Fig. 3). Arrays consisting of five jars covering an area of 1
m2 were placed at 1, 10, and 50 meters distances perpendicular to the wetted
stream edge (Fig. 3, Fig. 4). A mixture of ethanol and glycol was used to fill
the bottom half of the jars. Traps were operated over a four day period from
summer to autumn 2009 and in spring 2010. Upon collection each group (n = 5
jars) was combined into one sample per distance (e.g., 1, 10, and 50 m), and
preserved in 70 % ethanol for subsequent sorting and identification. In the
laboratory most individuals were identified to species level, and then sorted
into three groups for further analysis: Carabidae beetles, Staphylinidae beetles,
and ground-hunting spiders.
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Figure 3. Photo of pitfall array and sticky trap.

Figure 4. Example of sticky trap and pitfall array set up used in papers III and IV.
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3.3 Sampling of environmental variables
3.3.1 Catchment (I)

Data on catchment land use were recorded for all sampling sites from Corine
land cover (http://sia. eionet.europa.eu/CLC2000). Land use within catchments
was delineated according to topographic maps with a scale of 1:100,000
(Swedish Geodata; roadmap from Lantmäteriet) and the delineations were
digitized by means of ArcGIS9 (ESRI, Redland, CA; http:// www.esri.com/).
The total area of catchments, as well as the areas of the land use/cover types
within the catchments, was then calculated.
3.3.2 In-stream habitats (I, II)

In-stream habitats were characterized in autumn 2009. In-stream habitat types
(i.e., pools, riffles) were visually identified and individually surveyed along the
100 m section where benthic invertebrates were sampled. Measurements within
each habitat type included length, wetted width, average depth, maximum
depth, and flow. Substratum type, occurrences of vegetation, large woody
debris, and length of eroding bank were identified visually within individual
habitat units. Water samples were analysed for various physicochemical
parameters, including nutrients (fractions of N and P) and other relevant
variables (e.g., pH, conductivity, and alkalinity) at the Department of Aquatic
Sciences and Assessment following international (ISO) or European (EN)
standards when available (Wilander et al., 2003). During autumn 2008, coarse
particulate organic matter (CPOM) was sampled by taking three additional
Hess samples from the same habitat units where benthic invertebrates were
collected. CPOM samples were collected once in the autumn after leaf fall to
detect the strongest among-stream differences using this variable as a habitat
descriptor. The CPOM was placed in plastic bags and frozen upon return to the
laboratory. In the laboratory, the thawed CPOM was separated from fine
particulate organic matter and invertebrates by rinsing the material in a bucket
with a 1 mm mesh screen sieve. The detrital material was sorted into five
categories; leaves, needles, grass, woody debris, and other (e.g., cones, seeds,
etc.), and each category was oven dried (50°C for 48 h) and weighed to nearest
0.0001 mg (McKie & Malmqvist, 2009). Material from each leaf category was
then combusted in a muffle furnace (550°C, 4 h) to determine ash-free dry
mass (AFDM).
3.3.3 Riparian habitat (I, II, III, IV)

The riparian zone was classified as a 100 m corridor on both sides of the
stream where aerial adult insects and epigeal arthropod consumers were
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sampled and adjacent to the 100 m section where benthic invertebrates were
sampled. Soil surface temperature at distances 1, 5, 10, and 50 m from the
stream and water temperature was measured every four hours during all
sampling events.
Slope used in paper III was calculated for two distance categories along
each line: “bank” (1-5 m) and “beyond bank” (10-50 m) using ArcGIS
(ArcMAP version 10.1) (www.esri.com). Daily average wind speed and
direction data for each sampling period were obtained from the nearest weather
station in proximity to sampling sites (http://www.wunderground.com).
Vertical stem structure of trees under the canopy was estimated by point
sampling at 25 and 50 m distances from the stream on each line using a
Relascope with a gap/chain ratio of 1:50. Relascope measurements result in the
sum of the cross sectional area of tree stems at cs. 1.3 m above ground (breast
height) within a radius of 56.4 m from the point taken. Values are expressed in
square meters of total tree stem area per hectare and commonly referred to as
standing stock (SS).
Canopy foliage cover (papers III and IV) was measured using a LI-COR
Leaf Area Index (LAI) meter (LAI-2000 model, Lincoln, Nebraska USA). The
LAI-2000 measures all light-blocking objects with values expressed in terms of
half the square meters of leaf per square meter of ground (m2 foliage area / m2
ground area). Four measurements were taken at each “sticky-trap” location
(distance and line) at 1.3 m from the ground and then averaged. LAI values
range from 0 (bare ground) to over 10 (dense forest). All measurements were
made once (on a clear day in early autumn) at peak vegetative production to
detect the strongest among-stream differences using this variable as a habitat
descriptor.
Soil samples (Paper IV) were taken once in autumn 2009 within each of the
1m2 pitfall arrays and analyzed for pH and organic content. Soil pH was
measured on a soil sample (3 tablespoons) that was mixed with 60 ml of
distilled water, shaken for one hour, centrifuged and measured using a pH
meter (Radiometer Copenhagen, TIM 800 titration manager) on the clear water
phase. Organic matter, as ash-free dry weight, was calculated by weighing
approximately 15 mL of soil sample into a ceramic cup to the nearest 0.001
grams and then combusted in an oven for 6 hours at 550° C and reweighed.
Microhabitat descriptors of substrate, ground vegetation, and trees (paper
IV) were measured within a plot with a radius of 1.785 from the center of each
pitfall array covering a total area of 10 m2. Within each plot measurements of
size and type were classified to categorize substrate and ground vegetation by
percent type and trees by number (see Paper IV, Table 1). Within each
descriptor group (e.g. substrates) each category (e.g. boulders) was given an
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index value where higher values were given to categories contributing more to
microhabitat complexity, with the sum of all categories index values within
each descriptor group equal to one (see Paper IV). Values were based on
previous variables shown important for microhabitat to arthropods in this study
and literature (e.g., Uetz, 1975, 1991; Pajunen et al., 1995; Antvogel & Bonn,
2001). Thus, using substrates as an example; sites dominated by cobble and
gravel (e.g., Manderbach & Hering, 2001) and/or soil (offering higher moisture
and organic material) (e.g., Uetz, 1975; Antvogel & Bonn, 2001) would have a
high substrate index score, while a site that is dominated by substrate such as
boulder would have a low substrate index score (see Paper IV, Table 1).
Likewise, shrubs, ferns and high forbs in the ground vegetation category, and
small to medium coniferous trees in the tree category were given a high index
value as their relatively higher structural complexity contributes to higher
microhabitat complexity and arthropod diversity (e.g., Uetz, 1991) (see Paper
IV, Table 1).

3.4 Statistical analyses
3.4.1 Environmental gradients (I, IV)

Principal component analysis (PCA) on centered and standardized variables
was done using Canoco 4.5 (ter Braak & Šmilauer, 2002) to assess correlations
among the environmental data and to reduce the number of dimensions in the
data through linear combinations of the environmental variables (Johnson &
Wichern, 1988). In paper I, we used correlation to remove redundant variables
(r > 0.7) resulting in a parsimonious set of catchment land use/cover, riparian
characteristics, and in-stream substratum and water chemistry variables. In
paper IV, PCA was used to visually inspect the 12 physicochemical and
biological characteristics of the streams and their adjacent riparian habitats.
Variables used in the PCA comprised characterization of riparian microhabitat,
using 10 different abiotic and biotic (including aquatic and terrestrial dipterans
as a measure of food resource availability) variables, stream water total
phosphorous concentration as an indicator of eutrophication, and the
percentage of coniferous vegetation within the riparian study area (indicative
of natural forest vegetation). In papers I and IV, the number of meaningful
Principal components (PCs) was determined by examining the eigenvalues of
the first few axes.
3.4.2 Habitat and benthic assemblages (I)

Both taxonomic composition and trait data were related to the environment by
means of redundancy analysis (RDA) to determine potential predictors of pool
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and riffle assemblages. A Monte Carlo permutation test was used to test the
significance of the contribution of the variables to the ordination as well as the
statistical significance of the relationship between species/traits and
environmental variables. Redundancy analysis was done by means of
CANOCO version 4.5 (ter Braak & Šmilauer, 2002).
3.4.3 Community response variables (I)

Along with the five univariate metrics of assemblage abundance/diversity used
as response variables described in section 3.2.1.1, the first two axes of
correspondence analysis based on abundance and presence/absence data were
used to describe species turnover. Correspondence analysis was conducted by
means of CANOCO version 4.5 (ter Braak & Šmilauer, 2002).
3.4.4 Invertebrate and stream environment relationships (I)

The nine response variables were related to two complex (first two PCA axes)
environmental gradients by means of least-squares linear regression. Two
metrics were used to compare the response of the taxonomic groups to stress
(e.g., Johnson & Hering, 2009):
(1) Precision was calculated as the squared correlation (coefficient of
determination, adjusted R2) between the observed and fitted values as a
measure of variance accounted for by the model.
(2) Sensitivity of a taxonomic assemblage to stress was estimated as the
magnitude of change (slope) of a predicted stressor–response relationship.
Regression analyses were performed by means of JMP 8.0.1 (SAS Institute
Inc. JMP 2009). If necessary, variables were log 10 transformed (continuous
environmental data), square root transformed (invertebrate abundance data), or
arcsine-square-root transformed (proportional data) to approximate normally
distributed random errors.
3.4.5 Differences in arthropod assemblage composition (I, IV)

ANOSIM (analysis of similarities) was used to test for differences in benthic
invertebrate assemblage (paper I), and epigeal arthropod (paper IV)
composition between habitats and sites. ANOSIM is based on comparing
distances between groups (measured as similarity/or dissimilarity in species
composition) with distances within groups which are converted to ranks. A
large positive R (up to 1) signifies dissimilarity between groups. The
significance was computed by permutation of group membership, with 10,000
replicates. SIMPER (similarity percentage) was used for assessing which taxa
were primarily responsible for differences between groups based on abundance
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(Clarke, 1993). Both analyses were performed by means of PAST version 2.12
(Hammer et al., 2011).
3.4.6 Analysis of variance (II, III, IV)

Paper II trait data were analyzed using a split-plot Analysis of Variance model
using the proc mixed routine in SAS Release 9.3 statistical software (SAS
Institute Inc., 2011). Land use (forested vs. agriculture), habitat (pool vs. riffle)
and season (autumn vs. spring) were fitted as fixed effects. We did not have
true temporal replication for season (as invertebrate samples were taken once
in autumn and once in spring). However, spatial replication for each season,
represented by multiple sampled streams, allowed us to directly assess
contrasting habitats and land use between the two sampling periods. We fitted
season as a fixed rather than random factor in the REML analyses (see below),
while acknowledging that details of these responses may have differed in other
years with different seasonal trajectories. Our analysis has multiple error
terms, reflecting the hierarchical nature of our sampling design. The “main
plots” were the eight streams, fitted as a random block factor and used for
testing the effects of land use (four replicates per category). All other fixed
factors and interactions were tested against error terms incorporating the
stream block factor. The data were analyzed as abundance (individuals/m2) and
percentages having a certain trait state (e.g. being semivoltine or having a large
size at maturity). Variance estimation was done using the Residual maximum
likelihood (REML) method using Type III tests.
In paper III, we used a split plot ANOVA model to test whether response of
aquatic insect abundance and richness differed between streams in agricultural
versus forested landscapes with distance and time. Land use (forested vs.
agriculture), distance (lateral distance from stream bank), and season (high
summer, late summer, autumn and spring) were fitted as fixed effects, while
stream and transects nested within stream were random factors. Our design has
multiple error terms, reflecting the hierarchical nature of our sampling design.
Land use was tested using whole streams as replicates, while all other fixed
factors and interactions were tested against error terms incorporating the
transect block factor. This model was used to assess variation in abundance
and richness in total aquatic insects, aquatic Diptera, and Trichoptera. Losses
of some replicates caused minor imbalance in our sampling design.
Accordingly, we used restricted maximum likelihood (REML) estimation to
model our error terms, as this is reliable even when data are unbalanced, unlike
traditional ANOVA, denominator df were also modeled separately for each
fixed effect test. All ANOVA analyses were conducted using JMP 8.0.1 (SAS
Institute Inc., 2009).
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In paper IV, we used a split plot ANOVA model to test if the response of
Carabidae, Staphylinidae, and ground-hunting spider capture rates differed
between streams in agricultural versus forested landscapes with distance and
season. Land use (forested vs. agriculture), distance (lateral distance from
stream bank), and season (July = high summer, September = early autumn and
April = spring) were fitted as fixed effects, while stream was a random factor.
Our design has multiple error terms, reflecting the hierarchical nature of our
sampling design. Land use was tested using whole streams as replicates; while
all other fixed factors and interactions were tested against error terms. This
model was used to assess abundance variation in total Carabidae,
Staphylinidae, and ground-hunting spiders. All ANOVA analyses were
conducted using JMP 8.0.1 (SAS Institute Inc., 2009).
3.4.7 Relative importance of different abiotic and biotic predictors (III, IV)

In paper III, partial least squares regression (PLS) was used to assess the
relative importance of different abiotic and biotic predictors for explaining
variation in the proportions of individuals reaching at least 50 m from the
stream channel (50+100 m sticky traps combined). Thirty-two predictor
variables were fitted in our PLS models for paper III. These included variables
associated with season, meteorological conditions, topography, canopy foliage,
tree stem densities, riparian vegetation with potentially strong influences on
insect flight, as well as dominant land use within the catchment, stream
identity, and differences in taxa at the family level (see Paper III, Table S-1).
Effects of land use on the major variables included in the PLS models were
assessed using a mixed model ANOVA with land use fitted as a fixed factor,
and streams as random blocks. For variables measured on more than one date
(e.g. soil temperature, wind speed), season was also included as a fixed factor.
In paper IV, partial least squares regression (PLS) models were used to
assess the relative importance of aquatic dipteran and terrestrial dipteran
abundance, eight different abiotic and biotic microhabitat predictors, as well as
the eight stream identities, two land use categories (forested vs. agriculture),
the three distances from the stream edge, and day in year, for explaining
variation in the abundance of different consumer groups. A separate PLS
model was constructed for Carabidae, Staphylinidae, and ground-hunting
spiders as response variables using the same 24 predictor variables, for a total
of three models.
PLS extracts orthogonal components from a set of variables (both
dependent and predictor), which maximize explained covariance between the
variables (Eriksson et al., 2006). Extracted components were used to construct
a predictive model for the response variables, where the variable influence on
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projection (VIP) is relative to the importance of predictor variables, which are
the squared function of variable loadings across the components (Eriksson et
al., 2006). Predictor variables with a VIP greater than 1 are the most important
for the model. Eriksson et al. (2006) recommend a cut-off VIP of 0.8 for
separating moderately important predictors, whereas those that fall below are
less influential.
Prior to all analyses, response variables were natural log, square root, or
arcsine transformed as necessary to satisfy parametric assumptions, with
predictor variables additional range standardized prior to PLS analyses.
Validation of all PLS models was accomplished by a comparing the goodness
of fit of the percent of variation of the response (Y) variable explained by the
model (R2) and the percent of variation of the response variable predicted by
the model according to cross validation (Q2) of the original model with the
goodness of fit of several models based on data where the order of the Yobservations has been randomly permuted, while the X-matrix has been kept
intact. The statistical significance (p value) of the investigated model was than
indicated by analysis of variance (ANOVA) in the cross validated residuals of
the response variable. Analysis was conducted using SIMCA-P (version 10.0,
Umetrics AB, Umeå, Sweden).
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4

Results and Discussion

The goal of the first part of this thesis (Papers I and II) was to gain insight
into how land use may affect in-stream production (quality and quantity) of
aquatic insects in relation to their potential to subsidize adjacent riparian and
terrestrial habitats. The second part of this thesis (Papers III and IV)
investigated how land use related alterations to riparian boundaries affect the
dispersal of flying aquatic insects, and how the availability of aquatic subsidy
interacts with land use to affect the distributions of terrestrial consumers. My
results revealed agricultural land use increased overall in-stream production,
but altered the composition of dispersal related traits and reduced the extent of
spatial dispersal by adult aquatic insects. Furthermore, my studies provide
evidence that the capacity of terrestrial consumers to respond to subsidy
availability was also reduced in the agricultural landscape.
In paper I, I found catchment land use was correlated with reach- and
habitat-scale differences related to nutrient levels, sediments, and
hydromorphology that resulted in overall higher amounts of basal food
resources in agricultural streams and more discrete habitats compared to
forested streams. Riffle habitats were characterized by a high percentage of
woody debris and cobble substratum covered by mosses and liverworts.
Mosses and liverworts were more abundant in agricultural streams, reflecting
nutrient enrichment, and indicate higher growth of epiphyton and periphyton
(Suren, 1991). Pool habitat characteristics, such as fine sediment particle sizes
and high amounts of coarse particulate organic matter (CPOM) were highly
amplified in agricultural compared to forested streams. On the catchment scale,
riffle habitats were typically greatly reduced in extent in agricultural relative to
forested streams (P. Carlson pers. obs.), a finding that corresponds with other
studies (e.g., Petersen, 1992; Burcher et al., 2007). Agricultural sites were
characterized by dense stands of emergent macrophytes (Scirpus lacustrisin,
Phragmites australis) in slower flowing stream habitats, and ground vegetation
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(largely consisting of herbaceous plants) within the adjacent riparian habitat (P.
Carlson pers. obs.). These marked differences in environments were
manifested in benthic assemblages, where basal food resources, substratum,
and flow had the strongest influence and not physicochemical stressors (e.g.,
hypoxia). Paper I showed that changes in taxonomic composition between
forested and agricultural streams were subtle, with losses of only a few
sensitive taxa and, with the exception of the proportion of sensitive
Ephemeroptera, Plecoptera and Trichoptera (i.e., EPT) taxa, no significant
relationships were found between diversity metrics and land use. By contrast,
abundances of total benthic assemblages as well as taxa with a winged adult
stage were generally higher in agricultural compared to forested streams and in
riffles compared to pools (Papers I and II), and taxonomic composition of
pool and riffle habitats of forested streams was less dissimilar than pool and
riffle assemblages of agricultural streams (Paper I).
Species traits related to feeding, behavior and locomotion (Paper I)
differed in occurrence between agricultural and forested streams, and riffle and
pool habitats, reflecting differences in basal food resources and substrata in
particular. In agricultural streams, traits that enable penetration of fine
substrata (e.g., burrowing/boring, miners) and feeding on particulate organic
matter (e.g., filter-feeders) were positively correlated with pool habitats, and
passive filter feeders (likely related to FPOM) were positively associated with
riffle habitats. Conversely, grazers/scrapers, shredders and gatherers/collectors
were positively correlated with forested streams, which again can be explained
by habitat and food preferences; grazer/scraper taxa were more prevalent in
riffle habitats (likely related to periphyton abundance), while shredders and
gatherers/collectors were more common in pool habitats and higher organic
content. Higher abundances in agricultural streams likely reflected the high
availability of basal food resources; however, changes in assemblage
composition related to changes in in-stream habitat (high amounts of organic
matter, fine sediments, and slow flow) likely affected the transfer of resources
into the terrestrial environment (Papers I and II), which was later supported in
paper III.
Assemblages in agricultural streams were characterized by higher
proportions of taxa without a terrestrial stage (e.g., molluscs and oligochaetes),
organisms that retain energy within the aquatic system. Furthermore, aquatic
insects with an adult flying stage at agricultural sites were characterized by
reduced innate dispersal capacities, i.e. weak flying strengths, short adult life
spans, and univoltinism. Individuals characterized by these traits will generally
stay close to the stream edge following emergence, which, combined with their
short adult life span, limits the possibility of extensive dispersal. Furthermore,
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such traits were also more characteristic of pool rather than riffle assemblages,
a finding that will be magnified at a landscape scale given the dominance of
slow flowing habitats in agricultural landscapes. Conversely, traits associated
with greater dispersal, such as long adult life spans and strong flying strengths
were more associated with forested streams. Although the role of traits was
limited to dipterans and trichopterans in paper III, the finding that abundances
of emerging adult aquatic insects were substantially greater along the
agricultural than the forested streams, but that most were caught close to the
stream edge at agricultural streams, indicates limited dispersal away from their
natal habitat, corroborating findings from papers I and II. In contrast, in
forested streams the catch of adult aquatic insects declined remarkably little
with increasing distance.
Interestingly, results of paper III show that characteristics of the terrestrial
environment can at least equal the innate dispersal capacities of aquatic insects
(Paper II) in regulating dispersal. For example, aquatic dipterans and
trichopterans differ in traits, particularly in body size; however my results lend
no support to the conjecture that the larger size (e.g. of trichopterans) is
manifested in a greater ability to avoid or tolerate adverse environmental
conditions such as those found at agricultural sites. By contrast, dispersal traits
related to feeding in the adult stage were important (e.g. female
Ceratopogonidae when searching for a blood meal), but still less so when
compared with the environmental characteristics.
Dispersal of dipterans was positively associated with higher densities of
both tree stems and foliage, while reduced dispersal was associated with higher
soil temperatures, stronger wind speeds, and more pasture and crops (Paper
III). Significantly, all the factors associated with reduced dispersal were more
characteristic of agricultural than forested sites. Despite the steep decline in
aquatic insect catch with distance from the stream channel, the much higher
production in agricultural streams compared to forested streams resulted in
higher densities of subsidies at all distances. Furthermore, the aquatic subsidy
remained abundant in early spring and mid-autumn in the agricultural
landscape, whereas it was negligible in the forested landscape at these times.
However, the spatiotemporal variability of the resource, i.e. high densities near
the stream edge in summer, may result in inefficient utilization by terrestrial
consumers in agricultural landscapes.
Paper IV revealed that both local habitat features and consumer group
assemblages were affected by season, stream edge distance, and their
interactions. However, the specific importance of microhabitat complexity and
microclimate, and variation in prey type and quantity differed among consumer
groups. Seventy-three percent of the arthropod consumers collected (n = 1720
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individuals) consisted of staphylinid beetles. Densities of staphylinids were
significantly lower at agricultural sites, indicative of the high number of taxa in
this group sensitive to riparian conditions at agricultural sites. Nineteen percent
of taxa consisted of carabid beetles, and the remaining 8% of ground-hunting
spiders, both of whose densities did not differ overall with land use; however
there was evidence that sensitive species declined.
The distributions of carabids and ground-hunting spiders were related to
availability of aquatic food resources, but whereas carabid densities increased
when aquatic subsidy availability was greater, ground-hunting spider densities
declined. I found no response of any group to resources of terrestrial dipterans.
These results indicate that terrestrial arthropod consumer groups do respond to
the availability of aquatic insect subsidies, but that these responses are
moderated by factors associated with land use, microhabitat and phenology.
These constraining factors likely limit the capacity of epigeal consumers to
absorb the higher aquatic (dipteran) production at agricultural sites, particularly
near the stream edge.
Taken together, the results of this thesis indicate that agricultural practices
do result in reduced subsidy resource exchange efficiency, where energy flow
to riparian habitats is weakened relative to productivity of the stream (Fig. 5).

Figure 5. Typical riparian habitats of streams flowing through forested (A) and agricultural (B)
landscapes illustrating the likely pathways for subsidy dispersal and consumption, based partly on
results of this study.
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5

Conclusions and future research

This thesis shows how land use can affect habitats, organisms, and their
interactions on multiple scales and specifically the strong impact of
anthropogenic degradation in riparian boundaries on exchanges of resource
subsidies between terrestrial and stream habitats. I found that agricultural
activities can result in increased subsidies to terrestrial habitats as a result of
high in-stream production, but that riparian alterations associated with
agriculture may decrease the potential to efficiently transfer this production as
subsidies into terrestrial environments. Theoretical studies of spatial subsidies
have proposed that energy generally flows from more to less productive
habitats (e.g., Huxel & McCann, 1998) where the quality and quantity of the
subsidy will set the capacity of that subsidy to affect a recipient ecosystem.
However, biological effects of subsidies will likely depend upon the nature of
the recipient habitat and biota such as foraging behavior, life history, numerical
vs. behavioral responses (e.g., Takimoto et al., 2009). Importantly, I found that
the strongest effects did not occur in systems of highest contrasting
productivity due to land use alterations in the recipient riparian habitat and
biota. This emphasizes the importance of considering the ability of the
recipient habitat to absorb potential subsidies when modelling resource flows.
Assuming that higher consumer densities equate to increased subsidy
incorporation, the findings of this thesis suggest that transfers of aquatic
resources to epigeal arthropods are relatively efficient along streams in forested
compared to agricultural catchments. It is possible that any reduction in
subsidy consumption by epigeal consumers at the agricultural sites might be
compensated by other consumers not studied here. Nevertheless, production of
the subsidy during summer at agricultural sites was so high that reduced
absorption by epigeal consumers will very likely leave significant fractions
unutilized. Considering that aquatic systems supply terrestrial systems with
lipids essential for maintaining faunal life, and that subsidies into terrestrial
ecosystems can be more than three times higher in lotic compared to lentic
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systems (Gratton & Vander Zanden, 2009), inefficient transfers might
negatively impact terrestrial food webs through losses of essential nutrients
(Poulin et al., 2010). The magnitude of consequences of altered subsidy flows
into terrestrial habitats has only begun to be realized; however the value of
maintaining intact riparian habitats becomes clear when considering the
prevalence of streams in agricultural landscapes.
Changes in subsidy deliveries and consumer assemblages revealed in this
thesis likely interact altering the pathways aquatic subsidies enter the terrestrial
food web. Ecologically intact riparian areas are dynamic ecotones of certain
arthropod fauna associated with specific requirements. These requirements
may include particular aquatic insect subsidy deliveries in relation to their life
histories. However, it is still largely unknown how the assimilation of subsidies
differs among species and with life histories. Future studies that address
spatiotemporal changes in the characteristics (i.e., body size, nutrient content)
of subsidy deliveries with consumption rates (i.e., via fatty acid analysis)
would provide insight to which species are dependent on certain subsidy inputs
and how they contribute to overall subsidy absorption. Such studies are needed
as many terrestrial invertebrate fauna specific to riparian habitats are
considered as threatened or are red listed in European countries (e.g.,
Gärdenfors, 2005). Furthermore, while the results from paper I suggest
benthic invertebrates were relatively poor indicators of agricultural
perturbation in my study streams, results of agricultural effects on riparian
arthropods in paper IV, particularly staphylinid beetles, indicates their value
as sensitive indicators of the ecological effects of riparian alterations. Other
studies have suggested the use of riparian spiders and staphylinid beetles as
indicators of flow regulation and river channelization (e.g., Paetzold 2008), and
Jähnig et al. (2009) found ground beetle assemblages responded more strongly
to restoration than aquatic benthic invertebrates.
As agricultural land use increases, an understanding of how to maintain and
manage riparian habitats and their adjacent upland habitats for maximal
subsidy absorbance capacity becomes more important. In cases where riparian
habitats remain intact it may be possible for greater proportions of the aquatic
insect subsidy to be absorbed. A useful goal of management might be to
increase the quality of the riparian zone itself for terrestrial consumers, as well
as to facilitate a more even dispersal of the subsidy across agricultural
landscapes (i.e., by providing wind breaks and resting points). However, more
studies are needed on how uptake of aquatic subsidies differs among taxa to
identify keystone consumers, and the specific habitat conditions they require.
Furthermore, there is evidence that fragmented habitats generally support
fewer species of habitat specialists (Harrison & Bruna, 1999), thus it may be
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important to protect sufficiently large patches along a stream for many riparian
fauna to persist. Restoring and maintaining riparian zones for efficient resource
transfers does not necessitate widespread reforestation, but implies careful
consideration of local environments and the potential benefits of these riparian
systems with attention to socioeconomic as well as ecological consequences.
Certainly prospects for accurately characterizing larger scale nutrient budgets
would be enhanced if these transfers, and their ultimate fate, were better
understood.
Land use has been largely ignored in studies of aquatic to terrestrial crosshabitat resource exchanges. This thesis illustrates the interdependence of
spatial resources and how anthropogenic alterations can disrupt their linkages.
This thesis brings attention to the importance of understanding the strength of
aquatic-terrestrial linkages and the mechanisms behind them, while further
demonstrating that anthropogenic impacts, particularly resulting from
agricultural activity may have deeper consequences for aquatic and terrestrial
ecosystems than have been previously identified.
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