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ABSTRACT

Aim Understanding the relationships between species turnover, environmental

features and the geographic distance between sites can provide important

insights into the processes driving species diversity. This is particularly relevant

where the effective distance between sites may be a function of the habitat or

topographic features of the landscape and the means of dispersal of the organ-

ism. River networks, in particular in human-modified landscapes, are a striking

example of such a situation. Here, we use data for both aquatic and terrestrial

organisms across an urban river network to examine patterns of species turn-

over and to determine whether these patterns differ between different

taxonomic groups.

Location Sheffield area, UK.

Methods Aquatic (macroinvertebrates, diatoms) and terrestrial (birds, plants,

butterflies) organisms were surveyed at 41 sites across an urban river network.

We assessed the relationship between turnover and three alternative geographic

distance measures (Euclidean, network and flow distance), whilst also taking

into account the environmental distance between sites, using Mantel and partial

Mantel tests.

Results Turnover of all taxonomic groups apart from butterflies was signifi-

cantly correlated with at least one measure of geographic distance. The aquatic

taxonomic groups showed the strongest correlations with the geographic dis-

tance measures, and in particular with network distance. Terrestrial taxa were

more closely associated with environmental than any of the geographic distance

measures, although network distance remained significant for birds and some

plant groups after removing the effect of environmental distance. Water-dis-

persed and neophyte plant groups were significantly related to network and

flow distance.

Main conclusions The results suggest that aquatic communities are strongly

influenced by spatial processes occurring within the river network. Terrestrial

taxa have a more complex relationship with distance, with different compo-

nents of these communities displaying different responses. Nevertheless, it is

clear that connectivity along the river corridor is important for both aquatic

and terrestrial communities.

Keywords

Geographic distance, Mantel tests, riparian, river corridor, species turnover,

urban ecology.
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INTRODUCTION

Patterns in species turnover among sites, and in particular

the relationships between species turnover, environmental

features and the geographic distance between sites, can pro-

vide important insights into the processes driving species

diversity at both local and regional scales (Soininen et al.,

2007a). The similarity of species composition between two

sites typically decreases as the distance between them

increases (Nekola & White, 1999; Tuomisto et al., 2003;

Soininen et al., 2007b; Morlon et al., 2008). Yet, the rate and

nature of the decrease can differ according to the processes

driving community composition and according to what

determines the effective distance between sites (that is, the

distance of the actual route by which organisms can move

between them). This issue is particularly relevant where the

effective distance between sites may be a function of the hab-

itat or topographic features of the landscape, as well as the

means of dispersal of the organism. Such distinctions are

especially obvious where sites are connected by habitat corri-

dors, to form a network. River corridors, in particular in

human-modified landscapes, are a striking example of such a

situation.

Geographic distance between sites in a river network can be

measured in a number of different ways (Peterson et al., 2006,

2007). Euclidean distance is the straight line distance between

two sites (Fig. 1), but may not be ecologically representative

because it fails to take into account the spatial configuration,

connectivity, directionality and relative position of sites in a

river network (Peterson et al., 2006). Network distance takes

into account some of these issues, because it measures the dis-

tance between two sites along the network, irrespective of flow

direction. Flow distance takes into account the directionality

of the network, as it measures the distance between sites along

the network, where sites are only connected if water flows

between them (Fig. 1). For sites that are flow-connected, flow

distance is the same as network distance.

The significance of river networks is not confined to their

role as a habitat for organisms living in the river itself but,

by virtue of the associated riparian habitat, the river corridor

also represents a habitat network for terrestrial organisms.

This riparian network is most obvious, and potentially

important, in habitats such as urban systems, where the river

corridor may provide the only continuous elements of green-

space crossing entire urban areas. Increasing emphasis is

being placed on landscape-scale planning for greenspace

(especially in urban river corridors), designed to enhance

connectivity, enable ecosystem rehabilitation and promote

human welfare (Sandstrom, 2002; Findlay & Taylor, 2006;

Tzoulas et al., 2007). To do this effectively, we need to

understand the spatial structure of ecological communities in

such habitats, and in particular how, or if, this spatial struc-

ture relates to the different forms of connectivity the river

network may provide.

Patterns of species turnover in an urban river system are

likely to be complex, affected by the spatial configuration,

connectivity and directionality of the network (Peterson

et al., 2006, 2007; Grant et al., 2007; Brown & Swan, 2010),

by changes in habitat associated with longitudinal changes in

river character (Vannote et al., 1980), by both current and

historical disturbance at the site (e.g. Ward & Tockner,

2001) and by patterns of urbanization and land use. Further-

more, organisms with different modes of dispersal may be

influenced by the characteristics of the network to different

degrees, with the relative importance of Euclidean, network

or flow distance determined by dispersal characteristics. In

addition, the effects of geographic distance on communities

can be confounded by the fact that sites that are closer

together may be more likely to have similar environmental

conditions. Given this complexity, detecting the signal of

network spatial structure is likely to be challenging and

require a substantial and systematic data set.

To date, very few studies have compared the use of differ-

ent distance measures in river networks for freshwater taxa

Figure 1 Three alternative geographic distances in river networks: Euclidean (straight line) distance, network distance and flow

distance. The river network is represented by the solid lines, with the direction of water flow indicated by the arrow. Distance

measurements are represented by dotted lines (from Dallimer et al., 2012). Note that in our study, pairs of sites that are not

flow-connected have been assigned a single large distance, equivalent to the largest flow connection distance in the river network.
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(but see Brown & Swan, 2010; Peterson & Ver Hoef, 2010),

and none have compared these for riparian organisms or

across multiple taxa. Here, we use data for aquatic and ter-

restrial organisms across an urban river network to address

the following questions: (1) Are there detectable relationships

between species turnover and geographic distance, measured

in different ways, across a dendritic river network? (2) Do

patterns of species turnover differ between taxonomic

groups, in particular between aquatic and terrestrial taxa?

If there are detectable relationships between community

composition and network structure, we anticipate that these

will be clearest for those organisms which are directly associ-

ated with the river itself – aquatic taxa or terrestrial taxa with

strong riparian habitat requirements (e.g. wet conditions,

water-dispersed seeds). Movements of such species, whether

active or passive, are likely to be either in the stream itself

(e.g. active movement, drift, seed dispersal), out of the water

but following the water course (e.g. aerial dispersal of

insects), or with water-associated vectors (e.g. waterfowl) (Jo-

hansson et al., 1996; Kristiansen, 1996; Bilton et al., 2001). A

second group in which such patterns could occur, but where

they may perhaps be weaker and less flow-direction depen-

dent, are those organisms whose spread is facilitated by con-

nectivity of vegetated habitat, but which are not necessarily

limited to, or reliant upon, riparian habitat. This would

include many terrestrial species with restricted abilities to

move across nonvegetated or built environments. A final

group of organisms that might show particular associations

with network structure are those currently experiencing a

phase of active spread: in particular non-native species

expanding their ranges. River banks are subjected to regular

disturbance and are often sites where neophyte species (recent

colonizers) can most readily colonize (e.g. Crawley, 1987),

and their distributions may therefore be more directly associ-

ated with dispersal corridors (DeFerrari & Naiman, 1994).

METHODS

Study area and site selection

The study was conducted on the River Don and its tributaries,

in and around the city of Sheffield, UK (Fig. 2). Sheffield

(53°22 N by 01°28 W) had a population of 552,700 at the

2011 census (ONS, 2012) and lies at the confluence of the Don

with four tributaries: the Loxley, Rivelin, Sheaf and Porter.

The study area ranged from highly urbanized, through subur-

ban, to rural areas, with stream size ranging from 1st to 6th

order (Strahler’s stream order). The Don system is heavily

impacted by humans, suffering from a legacy of industrializa-

tion, urbanization, mining and channel modification, although

water quality has improved markedly in the last three decades

(Firth, 1997). Detailed maps of environmental features across

the city, including extent of green space, tree cover and hous-

ing density, are provided in Davies et al. (2008). Riparian areas

in Sheffield have significantly greater tree cover and natural

surface cover than nonriparian areas (Dallimer et al., 2012).

The entire survey area was first divided into 250 m by

250 m grid squares. For squares containing rivers, we deter-

mined the stream order of the watercourse, the presence or

absence of a weir, the proportion of each square that was

covered by sealed surface (all buildings and impermeable

surfaces as defined within Ordnance Survey MasterMap) and

the proportion of tree cover (derived from digitized outlines

of tree canopies from aerial photographs). Each grid square

was then classified according to the presence of a weir, four

classes of stream order (1–3, 4, 5, 6), four quartiles of sealed

surface cover and four quartiles of tree cover. Within our

study area, 66 of these possible combinations of environmen-

tal variables occurred and a representative of each combina-

tion was randomly selected. Access limitations (where no

alternative could be selected) and difficulties with sampling

diatoms at some locations reduced the number of sites to 41.

Sample locations were positioned as close as possible to the

centre of the 250-m grid square.

Sampling protocols

At each site, the following taxonomic groups were sampled:

aquatic macroinvertebrates, aquatic periphytic diatoms, birds,

butterflies and terrestrial plants (forbs and woody plant spe-

cies). A sample of the aquatic macroinvertebrate community

was collected in April and October 2009 using standard UK

Environment Agency methodology (EA, 1999). This involves

collecting a kick/sweep sample over 3-minutes with a 1-mm

mesh pond net, with sampling effort allocated proportionally

between the different habitat types present. Samples were

preserved in the field in 70% ethanol and then processed in

the laboratory. Macroinvertebrates were identified to family

level. A sample of the aquatic periphytic diatom community

was collected at the same time as the macroinvertebrate sam-

ples, using standard methods (Kelly et al., 2008). Five cob-

bles were collected from mid-stream and placed into a tray

with approximately 50 mL of stream water and the top sur-

face of each was brushed with a toothbrush to remove the

biofilm. The resulting suspension was collected in a plastic

bottle, fixed with Lugol’s iodine and stored prior to analysis.

In the laboratory, samples were digested with hydrogen per-

oxide to remove organic material, and permanent slides were

prepared using Naphrax as a mountant. Approximately 500

undamaged valves of nonplanktonic taxa were identified to

species level using 10009 magnification.

Bird surveys were carried out using standard methodology

(Bibby et al., 2000; Fuller et al., 2009) on two separate visits in

April–June 2009 to coincide with the breeding season, with the

second visit at least 6 weeks after the first. Visits were only car-

ried out in suitable weather conditions (low wind, no rain, no

mist) and began between one and three hours after sunrise

(the time of highest bird activity). During each visit, the iden-

tity of all birds that were seen or heard from the survey point

was recorded over a five-minute period by a single observer.

Any birds that flushed as the observer approached the survey

location were also recorded as being present, but birds flying
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over the site were excluded. Previous research in Sheffield

(Fuller et al., 2009) indicated that bird detectability is unaf-

fected by site characteristics, allowing us to compare species

richness estimates directly between sites.

Butterflies were surveyed three times (late May/early June,

July and August) at each site. Surveys took place between

10.30 and 15.30, in suitable weather conditions (temperature

above 17°C, 50% sunshine and wind speed below 4 on the

Beaufort scale). A 40 m by 10 m area (long axis parallel to

the river) was actively searched for butterflies for a fixed time

period of 15 min. All butterflies observed within the survey

area and time period were recorded. Whites (Pieris) were

recorded to genus level only due to difficulties with consis-

tently identifying individuals in the field.

Plants were surveyed in the same 40 m by 10 m area as the

butterflies. All forbs and woody plant species occurring in the

survey area were recorded. For each taxonomic group, a single

list of taxa was compiled for each site combining all sampling

visits, thereby eliminating the issue of repeated measures.

Environmental characteristics

To describe the key environmental characteristics of the sur-

vey sites, water chemistry, river habitat and land cover vari-

Figure 2 The River Don and its tributaries in Sheffield showing the survey points, the urban area (shaded), and the direction of river

flow (arrow). The inset shows the location of the study area in the UK.
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ables were measured. Conductivity, pH, dissolved oxygen

concentration and water temperature were recorded with

hand-held metres at the same time as the macroinvertebrate

and diatom sampling. A water sample was collected and

analysed on return to the laboratory for alkalinity, nitrate

(NO3), nitrite (NO2), ammonium (NH4), phosphate (PO4),

hardness and colour.

At each location, channel width was measured, and water

depth, flow (mean of 30 measurements), and silt and detri-

tus depth were recorded at five locations across the channel.

An average water depth, flow and silt depth were calculated

for each site and used in subsequent analyses. The percentage

cover of different substrate types (silt, sand, gravel, pebble,

cobble, boulder, bedrock, concrete bed) was estimated in the

field and later converted to a single measure of mean sub-

strate size, using average phi sizes (Gordon et al., 2004) for

the first six substrate types, and a measure of the percentage

of bedrock or concrete bed.

Land cover characteristics in a 50-m radius around each

survey point were determined using Ordnance Survey Mas-

terMap. Land cover was grouped into three categories –

natural surface (including domestic gardens, allotments,

woodland, and public parks), water bodies (rivers, ponds

and reservoirs) and sealed surfaces (all buildings and hard

surfaces). Tree cover was mapped in a geographic informa-

tion system by manually tracing around the crown of each

tree or group of trees shown in aerial photographs (Davies

et al., 2008). Finally, the percentage cover of habitat types

was recorded across the same 40 m by 10 m area previously

searched for butterflies and plants, and these were used to

calculate the habitat diversity at each site using the Shannon

diversity index. A description of the possible habitat types,

with summary statistics, is provided in Appendix S1 in the

Supporting Information.

Several of the 22 environmental variables were correlated;

hence, a number of variables were dropped from further

analysis, resulting in a final list of 12 variables (Table 1). The

environmental variables were chosen to characterize the in-

stream and riparian nature of the sites and hence derive

environmental distance between sites. Our focus here is not

on using the environmental data to explain variation in par-

ticular groups of organisms, but rather to remove its poten-

tially confounding influence.

Data analysis

Species turnover was calculated using the Jaccard dissimilar-

ity index. This is defined as the number of species not shared

by a pair of sites as a proportion of the total number of spe-

cies present in those sites and ranges from 0 (all species

shared) to 1 (no species shared) (Tuomisto, 2010a,b). Jaccard

dissimilarity was calculated for each pair of sites for each of

the five taxonomic groups separately. Environmental distance

was calculated by standardizing the 12 environmental vari-

ables and then computing Euclidean distance between each

pair of sites. Geographic distance matrices were calculated

between all sites using Euclidean distance, network distance

and flow distance (see Fig. 1), with flow distance calculated

in two ways. The first way was to standardize the distance

between each pair of flow-connected sites between 0 and 1,

and then to assign all unconnected pairs of sites the greatest

standardized distance. This has the effect of making flow-

unconnected relationships weaker. The second way was to

construct an additional binary ‘flow connection’ matrix, cod-

ing each pair of sites as either flow-connected (0) or uncon-

nected (1), to examine the importance of flow connection

between sites without examining distance. To investigate the

effect of assigning unconnected sites the same flow distance

as the most distant connected site, three additional flow dis-

tance matrices were constructed using alternative and much

greater values for the unconnected sites. Distances equivalent

to 2, 10 and 100 times the maximum flow distance were

tested, which progressively weaken the flow-unconnected

relationships. The results produced by each matrix are shown

in Appendix S2 in the Supporting Information.

We examined the association between species turnover of

the five taxonomic groups, the three geographic distance

matrices, and the environmental distance matrix with Mantel

tests, using Pearson’s product-moment correlation, and with

significance assessed by 10,000 random permutations. Envi-

ronmental distance was correlated (Mantel test) with all three

geographic distance measures (Euclidean distance: r = 0.434,

P < 0.001; network distance: r = 0.327, P < 0.001; flow dis-

tance: r = 0.158, P < 0.001). Therefore, partial Mantel tests

were performed to ascertain the correlation between species

turnover and each geographic distance measure whilst factor-

ing out the effect of environmental distance. Partial Mantel

tests were also performed using the binary flow connection

matrix to test for an association between species turnover and

flow connection, whilst taking environmental distance into

Table 1 Summary statistics for environmental variables

included in the final environmental distance matrix

Variable Min Median Mean Max

Water chemistry variables

Conductivity 53 327 288 425

pH 5.96 7.51 7.44 8.02

Dissolved oxygen

concentration (mg L�1)

8.57 9.28 9.29 10.13

Water temperature (oC) 9.4 11.7 11.6 13.4

Nitrate (mg L�1 NO3

corrected for nitrite)

0.20 1.63 2.38 8.49

River habitat variables

Channel width (m) 0.9 6.6 8.3 30.1

Average water depth (m) 0.06 0.27 0.29 0.67

Average water flow (m3 s�1) 0.04 0.22 0.23 0.50

Mean substrate size (phi) �7.1 �5.2 �4.8 6.1

Land cover variables

Proportion of sealed surface 0.00 0.08 0.18 0.78

Proportion tree cover 0.00 0.48 0.49 0.91

Habitat diversity of broad

habitat types

0.00 0.81 0.83 1.84
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account. All statistical analyses were performed using the

ecodist (Goslee & Urban, 2007) and vegan (Oksanen et al.,

2010) packages in R (R Development Core Team, 2011).

To further examine the role of dispersal in influencing

patterns of species turnover, plants and aquatic macroinver-

tebrates were subdivided. Water-dispersed and nonwater-

dispersed plants were examined separately (Fitter & Peat,

1994), as were native (arrived in the UK before the Neolithic

period or independent of human activity), archaeophyte

(introduced into the UK before 1500 AD) and neophyte

(introduced into the UK after 1500 AD) species (Preston

et al., 2002). Aquatic macroinvertebrates were divided into

insect and noninsect groups to give a crude indication of

dispersal characteristics: most aquatic insects have adults that

can disperse by flight in the terrestrial environment.

RESULTS

Distance measures

The number of pairs of sites in the distance matrices was the

same for all distance measures (820 pairs), but only 254 of

these pairs were flow-connected. The minimum separation

distance between neighbouring sites was similar for all dis-

tance measures, but network distance had a larger median,

mean and maximum value than Euclidean distance

(Table 2). Median and mean flow distance was larger again

when including all the unconnected pairs of sites in the

matrix (with unconnected sites assigned a distance equivalent

to the maximum flow-connected distance), but was less

when considering only flow-connected sites. Euclidean and

network distances were most correlated (Pearson’s r = 0.73,

P < 0.001), whilst Euclidean and flow distance had a Pear-

son’s correlation of 0.42 (P < 0.001) and network and flow

distance had a correlation of 0.66 (P < 0.001).

Species richness

A total of 55 bird species (mean 11.0, range 4–19 per site),

280 plant species (mean 43.8, range 19–89), 15 butterfly spe-

cies (mean 2.7, range 0–7), 148 diatom species (mean 42.7,

range 29–58), and 71 macroinvertebrate taxa (mean 30.5,

range 15–38) were recorded at the 41 study sites. Of the

plant species, 187 (67%) were native, 65 (23%) were

neophytes, 26 (9%) were archaeophytes and 2 (1%) were of

uncertain origin. Also, 27 (10%) of the plant species were

water-dispersed. Of the macroinvertebrates, 54 (76%) were

insect and 17 (24%) were noninsect taxa.

Patterns of species turnover

Taxonomic groups varied in their association with the geo-

graphic and environmental distance matrices (Table 3).

Macroinvertebrate and diatom turnover was correlated with

all the geographic distance measures (Table 3), with sites

that were closer together also being more similar in their

community composition. Turnover was most closely aligned

with network distance for both macroinvertebrates (r =
0.476) and diatoms (r = 0.431), and this association

remained highly significant when the effect of environmental

distance was factored out (r > 0.37, P < 0.001). For macro-

invertebrate subgroups, turnover in both insect and nonin-

sect assemblages was also most strongly correlated with

network distance (Table 4). When examining the importance

of flow connection between sites, it became apparent that

macroinvertebrate (r = 0.146) and diatom (r = 0.186) com-

munities were significantly more similar at flow-connected

sites than at flow-unconnected sites after removing the effect

of environmental distance (Table 3). This pattern was appar-

ent for the noninsect subgroup (r = 0.115, Table 4), but was

not significant for the insect subgroup (r = 0.099).

Bird species turnover was correlated with both network

(r = 0.216) and Euclidean (r = 0.236) distances, but only net-

work distance remained significantly correlated when environ-

mental distance was taken into account (Table 3). In contrast,

butterflies displayed no correlation between turnover and any

geographic distance measure (r < 0.03), but were significantly

correlated with environmental distance (r = 0.215).

Plant species turnover was significantly correlated with all

the geographic distances, but none of these relationships

were significant when environmental distance had been taken

into account (Table 3). Species turnover in water-dispersed

plants (Table 4) was much more strongly correlated with

network distance (r = 0.221) than with the other geographic

distance measures (r ≤ 0.1), and this correlation remained

significant when environmental distance had been taken into

account. In contrast, the group of plants that were not

water-dispersed were much more strongly related to environ-

mental distance (r = 0.497). Although turnover was signifi-

cantly correlated with both network (r = 0.237) and

Euclidean distance (r = 0.225), these correlations were not

significant when environmental distance had been taken into

account. Native plants showed the same pattern as the over-

all plant group (Table 4). For neophytes, turnover was most

strongly associated with flow distance (r = 0.197), especially

after factoring out environmental distance. Neophyte plants

were also significantly more similar at flow-connected sites

(r = 0.124) than unconnected sites. Archaeophyte species

turnover was not significantly correlated with any geographic

Table 2 Summary statistics for distance measures, in kilometres

Distance measure N pairs Min Median Mean Max

Euclidean distance 820 0.159 5.93 6.35 17.22

Network distance 820 0.164 12.01 11.79 27.93

*Flow distance – all 820 0.164 20.11 16.12 20.11

Flow-connected sites only 254 0.164 6.47 7.21 20.11

*NB The summary statistics for flow distance includes 566 pairs of

sites (of 820) that are not flow-connected but which have been

assigned a distance equivalent to the maximum distance between

two connected sites (20.11 km). Summary statistics for only those

sites that are connected by flow are shown in italics.
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distance measure and was only weakly correlated with

environmental distance, although this may have been partly

due to the small sample size of this subgroup.

DISCUSSION

There are clear associations between measures of geographic

distance and differences in community composition of

particular taxonomic groups across the urban river network

in this study. Turnover in macroinvertebrates, diatoms, birds

and some of the plant subgroups was significantly correlated

with at least one measure of geographic distance, even after

environmental differences had been taken into account. But

there is variation in the strength of the correlations, and

different taxa appear to be correlated to different aspects of

distance. The remaining groups were not correlated with any

Table 3 (a) Correlations between species turnover, four measures of geographic distance and environmental distance between all pairs

of sites, and (b) partial correlations between species turnover and geographic distance after controlling for the effect of environmental

distance. Based on Mantel tests of Jaccard dissimilarity.

N pairs Euclidean distance Network distance Flow distance Flow connection Environmental distance

(a) Correlations

Macroinvertebrates 820 0.302*** 0.476*** 0.207*** 0.131* 0.471***

Diatoms 820 0.240*** 0.431*** 0.273*** 0.179** 0.279**

Birds 820 0.236*** 0.216*** 0.055 �0.043 0.340***

Butterflies 666 0.002 0.022 0.006 �0.024 0.215*

Plants 820 0.221** 0.262*** 0.088* �0.033 0.502***

Corrected for environmental distance:

(b) Partial correlations

Macroinvertebrates 820 0.122 0.386*** 0.152** 0.146*

Diatoms 820 0.138* 0.374*** 0.241*** 0.186***

Birds 820 0.104 0.119* 0.001 �0.048

Butterflies 666 �0.117 �0.065 �0.031 �0.028

Plants 820 0.003 0.120 0.010 �0.040

Pearson’s r is shown and the associated P-value (*P < 0.05, **P < 0.01, ***P < 0.001).

Table 4 (a) Correlations between species turnover, four measures of geographic distance, and environmental distance between all pairs

of sites for plant and macroinvertebrate subgroups, and (b) partial correlations between species turnover and geographic distance, after

controlling for the effect of environmental distance. Based on Mantel tests of Jaccard dissimilarity.

N

pairs

Euclidean

distance

Network

distance

Flow

distance

Flow

connection

Environmental

distance

(a) Correlations

Plants – not water-dispersed 820 0.225** 0.237** 0.076 �0.049 0.497***

Plants – water-dispersed 820 0.095 0.221** 0.084* 0.044 0.271**

Plants – native 820 0.206** 0.270*** 0.080* �0.023 0.491***

Plants – neophyte 741 0.131* 0.111 0.197*** 0.124* 0.116

Plants – archaeophyte 210 0.146 0.104 0.043 0.007 0.205*

Macroinvertebrates – not

insects

820 0.215** 0.391*** 0.146*** 0.108* 0.379**

Macroinvertebrates – insects 820 0.300*** 0.427*** 0.184*** 0.091 0.433***

Corrected for environmental distance:

(b) Partial correlations

Plants – not water-dispersed 820 0.012 0.132 �0.004 �0.059

Plants – water-dispersed 820 �0.026 0.146* 0.043 0.045

Plants – native 820 �0.009 0.133* 0.003 �0.029

Plants – neophyte 741 0.091 0.082 0.183*** 0.124*

Plants – archaeophyte 210 0.096 0.079 0.036 0.018

Macroinvertebrates – not insects 820 0.060 0.306*** 0.094* 0.115*

Macroinvertebrates – insects 820 0.137 0.335*** 0.130** 0.099

Pearson’s r is shown and the associated P-value (*P < 0.05, **P < 0.01, ***P < 0.001).
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measure of geographic distance once environmental distance

was included, but, with the exception of butterflies, appeared

to be associated with spatially structured environmental

variables.

Aquatic and riparian taxa can move through the network

along two distinct pathways: movements within the river or

corridor (within-network movement) or outside of the river

corridor between river branches (out-of-network movement).

Within the river corridor, movements can be upstream or

downstream. For most aquatic species, within-network

movements are likely to be the primary dispersal pathway

(Kristiansen, 1996; Bilton et al., 2001). Nevertheless, out-of-

network dispersal is known to play an important role for

some taxa, such as salamanders (Grant et al., 2009), and

some adult aquatic insects (Briers et al., 2004; Finn et al.,

2006). Some previous studies have reported a decline in

community similarity with geographic distance for aquatic

macroinvertebrates (Thompson & Townsend, 2006; Shurin

et al., 2009; Brown & Swan, 2010), but others have not

found consistent patterns (Lloyd et al., 2005; Grenouillet

et al., 2008). These studies have used a variety of different

distance measures, including network distance (Lloyd et al.,

2005; Grenouillet et al., 2008) and Euclidean distance

(Thompson & Townsend, 2006), but only Brown & Swan

(2010) compared distance measures.

Patterns of species turnover in relation to geographic dis-

tance for diatoms have received less attention (but see Gren-

ouillet et al., 2008; Heino et al., 2009; Shurin et al., 2009).

Until recently, the prevailing view has been that diatoms and

other eukaryote microbes should show negligible variation

across spatial scales, as a result of ubiquitous dispersal, with

community variation driven by environmental differences

(Finlay, 2002; Martiny et al., 2006). But that view has been

questioned recently, with evidence emerging of the impor-

tance of spatial patterns (e.g. Martiny et al., 2006; Grenouil-

let et al., 2008; Heino et al., 2009). Our results support this

latter view, suggesting that species turnover in diatoms is

correlated with geographic distance, even after the effect of

environmental distance had been removed. Our study pro-

vides new evidence that aquatic communities (macroinverte-

brates and diatoms) were most closely correlated with

network distance, which is consistent with our hypothesis

that within-network connectivity is more important for these

groups.

Macroinvertebrates were the only taxonomic group that

were recorded at family rather than species level. However,

we do not feel that this will have affected the overall pattern

of the results, as previous studies (Melo, 2005; Marshall

et al., 2006; Heino & Soininen, 2007) have shown that trends

in macroinvertebrate patterns at the species level tend to

closely reflect those at the family level.

Patterns of distance decay in terrestrial taxa have been well

demonstrated, particularly for plants (e.g. Nekola & White,

1999; Condit et al., 2002; Tuomisto et al., 2003; Qian et al.,

2005; Lichstein, 2007), but also for birds (Steinitz et al.,

2006; La Sorte & McKinney, 2007) and invertebrates (Steinitz

et al., 2006; Novotny et al., 2007). Yet, none of the above

studies examined turnover or distance decay along an eco-

logical network, such as a river system, and all used Euclid-

ean distance. In patchy terrestrial habitats, corridors are

known to facilitate connectivity and movement between sites

(Beier & Noss, 1998; Haddad et al., 2003; Gilbert-Norton

et al., 2010). Although evidence from river corridors is much

more limited, Gillies & St. Clair (2008) showed that move-

ment in a species of bird was enhanced along a riparian cor-

ridor compared with nonriparian habitat. Our results show

that at the relatively fine scale of our study system, species

turnover of the riparian taxa was more closely correlated

with environmental distance than with any measure of geo-

graphic distance. At least one measure of geographic distance

did, however, remain significant for some components of the

terrestrial communities after taking environmental distance

into account.

Plants demonstrate a number of different relationships

with geographic distance, which is representative of the large

and diverse life history and dispersal strategies present across

this group. We hypothesized that water-dispersed plants

would show evidence of community composition correlated

with the river network, and geographic distance was indeed

significant for this group. However, the correlation was weak

after factoring out environmental differences. Also, the

water-dispersed plants were most strongly associated with

network distance, which is somewhat surprising given that

by definition, we might expect this group to be most closely

correlated with flow distance. The large group of native

plants were also significantly (although weakly) associated

with network distance. This pattern is likely to be due to

restricted abilities to move across nonvegetated or built envi-

ronments and is consistent with previous studies that have

shown that rivers enhance habitat connectivity of riparian

plant communities at local to regional scales (Johansson

et al., 1996; Gurnell et al., 2008).

The final group of organisms in which we expected to see

an association with the riparian network were the neophyte

species. In agreement with our hypothesis, the neophyte

plant group was associated with geographic distance along

the river network, in this case with flow distance. This group

contained many species that are recent invaders and are in

the process of spreading (e.g. Fallopia japonica and Impatiens

glandulifera) and hence are more likely to display community

patterns that reflect their recent dispersal history than native

or well-established species. Although only 6% of the neo-

phytes recorded in our study are primarily water-dispersed,

water dispersal has been shown to function as a secondary

dispersal mechanism for many other species (Truscott et al.,

2006) and evidence suggests that riparian zones facilitate the

movement of exotic species through the landscape (DeFerrari

& Naiman, 1994; S€aumel & Kowarik, 2010).

In contrast to the macroinvertebrates, diatoms and some

of the plant groups, species turnover in birds and butterflies

appears to be less strongly associated with any measure of

geographic distance. Bird communities were only weakly
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correlated with network distance, and this correlation was

not very different from the correlation with Euclidean dis-

tance (which was not significant) after factoring out environ-

mental effects (Table 3). The weak patterns that are present

are consistent with the view that both within-network and

out-of-network movement pathways have a role to play

(albeit weak), or that significant unaccounted environmental

variables remain. The lack of a correlation with geographic

distance for butterflies may at least in part be due to the fact

that the butterfly sample size was very small, with only 15

species in total. Furthermore, eight of these species were only

present at one or two sites, and the remainder were wide-

spread, ubiquitous species, with excellent dispersal

capabilities.

Comparing Euclidean and network distances in our

study was straightforward as all of the sites occur on the

same river network. But only 254 of 820 pairs of sites

were flow-connected, which presented some methodological

challenges when constructing the flow distance matrices.

Flow distance is identical to network distance for flow-con-

nected sites, so it was not possible to restrict our compari-

son to only flow-connected sites. To enable a comparison

of all sites, it was necessary to assign an arbitrary large dis-

tance to flow-unconnected sites. The flow distance measure

used here therefore represents both flow-connected and

flow-unconnected relationships, but flow-unconnected rela-

tionships have been made weaker. The larger the arbitrary

distance value applied to flow-unconnected sites, the less

sensitive the measure becomes to geographic (network) dis-

tance between flow-connected sites and the more closely it

resembles the binary flow connection matrix (Appendix

S2).

CONCLUSIONS

By studying aquatic and riparian communities using a num-

ber of different geographic distance measures, together with

environmental factors, we have shown that different taxa

may be correlated with different aspects of geographic dis-

tance. Turnover in aquatic communities was most strongly

correlated with network distance. Terrestrial taxa, on the

other hand, were less strongly spatially structured. They dis-

played a more complex relationship with the alternative dis-

tance measures, with different components of these

communities displaying different responses. Yet, network and

flow distance remained significant for many of the terrestrial

taxa, indicating that connectivity along the river corridor

may be important for these communities.

These findings have implications for landscape-scale con-

servation and planning. Urban ecological networks have been

perceived as especially important as they may provide the only

opportunity for connectivity and wildlife movement in urban-

ized landscapes (Ignatieva et al., 2011). With increasing

emphasis on landscape-scale planning of green infrastructure

in urban areas (Sandstrom, 2002; Tzoulas et al., 2007),

including the active development of green corridors for

recreation and environmental enhancement (Fabos, 1995;

Walmsley, 1995), it is important that understanding is

improved of the relative importance of spatial patterns and

connectivity in shaping plant and animal communities. Such

an understanding is necessary to enable urban green infra-

structure to be designed for the maximum benefit of both

wildlife and people.
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