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a b s t r a c t
The need for theories that address food web assembly and complexity over multiple spatial scales are critical to
understanding their stability and persistence. In a meta-food web – an integrated network of local food webs –
spatial heterogeneity in physical processes may have profound effects on food web function and energy ﬂow.
In the Arctic, surface water connectivity plays a vital role in determining ﬁsh assemblage composition, and potentially, food web structure. We examined lentic food web complexity associated with heterogeneity in surface
water connectivity among Arctic lakes at the local scale, by contrasting lakes over a stream-lake connectivity gradient, and at the regional scale, by contrasting two locations with different surface water conditions (i.e., wet and
dry) on the Arctic Coastal Plain of Alaska. Among lakes and across locations, increased hydrologic connectivity between streams and lakes increased the number of ﬁsh species and increased the complexity of the food web. The
interaction of the region's hydrologic connectivity, local stream-lake connections, and the trophic niches of relevant ﬁsh species produced integrated, complex meta-food webs. Fully understanding mechanisms that support
meta-food web stability are crucial when assessing future changes to Arctic stream-lake networks and the function and persistence of aquatic food webs.
Published by Elsevier Inc.

1. Introduction
The mechanisms that control what is where in aquatic communities
are directly related to the formation of food webs and their structure
and complexity (Hershey et al., 1999; Mougi and Kondoh, 2016). And
when the physical environment regulates the distributions of mobile
species (e.g., ﬁshes) it can dictate what participates in and drives the
trophic structure of local food webs (Hershey et al., 1999; Bellmore
et al., 2013). In stream-lake networks, habitat accessibility, species dispersal ability, local colonization and extinction factors, along with
predator-prey interactions often determine species assemblages
(Jackson et al., 2001; Beisner et al., 2006; Hershey et al., 2006). However,
species speciﬁc dispersal rates among local communities, their arrival
time, and their trophic breath all contribute to trophic structure
(Piechnik et al., 2008).
Much like a metacommunity (i.e., a set of local communities connected by dispersal of component species), in a meta-food web – an integrated network of local food webs – spatial heterogeneity of the

⁎ Corresponding author at: U.S. Geological Survey, Alaska Science Center, 4210
University Dr., Anchorage, AK 99508, USA.
E-mail address: slaske@usgs.gov (S.M. Laske).

https://doi.org/10.1016/j.fooweb.2019.e00123
2352-2496/Published by Elsevier Inc.

environment may have profound effects on species persistence and energy ﬂow (Bellmore et al., 2015). In high-latitude environments, physical controls may supersede biotic controls in determining ecosystem
properties; and short growing seasons, low temperatures, and low
light intensity likely play an important role in structuring species occupancy, community composition, and food webs (Hershey et al., 1999;
Haynes et al., 2014; Smits et al., 2015; van der Wal and Hessen, 2009).
In the Alaskan Arctic, surface water connectivity plays a vital role in determining patterns of ﬁsh species richness and in formation of local assemblages (Hershey et al., 2006; Haynes et al., 2014; Laske et al., 2016).
Surface water connectivity in stream-lake networks inﬂuences the richness of species and shapes the rates of species colonization between
habitat patches (Heim et al., 2016; Laske et al., 2016) and is, therefore,
a driver of aquatic food webs (Reid et al., 2012; Bellmore et al., 2013).
The variability of surface water connections among lakes can increase
the complexity of the region's metacommunity and support multiple
predator-prey associations (Mougi and Kondoh, 2016), which may provide a mechanism for stabilizing both local and regional food webs
(Bellmore et al., 2015). The trophic structure of aquatic food webs
may vary across local and regional scales, particularly when speciﬁc foraging links and energy ﬂow paths are maintained in meta-food webs
that are not necessarily present in each local food web (LeCraw et al.,
2014).
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The meta-food web may enhance community persistence via maintenance of redundant energy pathways or food web branching (Gravel
et al., 2011; Pillai et al., 2011; Bellmore et al., 2015; Ziegler et al.,
2017). Redundancy in energy pathways (i.e., species-1 consumes
species-2; repeated in multiple patches) reduces the average
predator-prey interaction strength (Bellmore et al., 2015), and food
web branching allows multiple predators to share common resources
at the metacommunity scale (Pillai et al., 2011). Ultimately, food web
complexity results from the aggregation of foraging links for each species in the community, so additional species either lengthen food chains
or add additional branches to the food web (Beckerman et al., 2006;
Pillai et al., 2011).
Complexity due to branching is a stabilizing force, particularly for
consumers that respond rapidly to change and dampen destabilizing resource oscillations that are common in ecosystems (like the Arctic) with
strong seasonal resource variation (Rooney et al., 2006; van der Wal and
Hessen, 2009; Pillai et al., 2011; Hayden et al., 2014). Stability increases
in food webs with numerous weak trophic interactions, and the aggregation of weak interactions across a meta-food web may provide a
mechanism linking landscape heterogeneity to food web stability
(McCann et al., 1998; Dunne et al., 2002a; LeCraw et al., 2014;
Bellmore et al., 2015; Ziegler et al., 2017). For example, at the local
scale, in a complex food web with numerous tightly linked species
(strong interactors), the loss of any given species may leave the remaining food web vulnerable to perturbations that can change energy ﬂow
(i.e., local extinction; Dunne et al., 2002a; Williams et al., 2002). At the
regional scale, food web complexity may promote community persistence by reducing the strength of speciﬁc interactions, which then preserves energy pathways through a meta-food web framework (Gravel
et al., 2011; Bellmore et al., 2015).
The primary aim of this paper is to examine how heterogeneity in
surface water connectivity inﬂuences the complexity, and thus potential
stability of Arctic lake food webs. The mechanisms underlying food web
stability, such as structure and complexity, are vulnerable to ongoing
development and rapid climate change in the Arctic, so understanding
their function and how energy ﬂow is maintained locally and across
the greater region is important. Rapid, climate-induced changes to the
hydrologic cycle, including increased evaporative losses and altered
ﬂow regimes, may further affect the functioning of Arctic lake food
webs (Prowse et al., 2006; Wrona et al., 2006). Ongoing climate change
will alter surface water regimes and connectivity of susceptible lakes,
lowering water levels and reducing outﬂow and, thereby, reducing
ﬁsh accessibility through stream channels (Lesack and Marsh, 2010;
Heim et al., 2016; Koch, 2016). Fish species and their associated trophic
links would be lost from these lakes without the sustaining pulse of ﬁsh
colonists when habitat connectivity ordinarily peaks in late spring and
early summer (Haynes et al., 2014). These factors may be exacerbated
by ongoing development on the Arctic Coastal Plain that requires
water withdraws from lakes to support the construction of ice roads
(Cott et al., 2008). Yet, the variability in surface connections among
lakes may reduce losses of trophic complexity in the meta-food web, ensuring persistence of regional food web structure and energy ﬂow.
In this study, we use multiple food web metrics to examine the
structure and complexity of Alaska's Arctic Coastal Plain (ACP) lake
food webs, for both individual lake food webs (i.e., local scale) and as
meta-food webs (i.e., regional scale). Because the landscape plays an
important role in controlling the distribution of ﬁsh species among Arctic lakes (Hershey et al., 2006), we anticipated that, indirectly, those environmental factors would inﬂuence the food web (see Hershey et al.,
1999; the Geomorphic-trophic hypothesis). Considering the positive relationship between surface water connectivity and ﬁsh species richness
(Hershey et al., 2006; Laske et al., 2016), we expected that surface water
connectivity would be a main driver of food web complexity in ACP
lakes. Differences in the landscape-controlled ﬁsh assemblages (number and composition of species) are transferred to the food web (Pillai
et al., 2011; Bellmore et al., 2015; Ziegler et al., 2017). We predicted

that the number of trophic links, number of nodes, and maximum trophic position would be higher in lakes and regions with strong, permanent surface water connections due to the presence of additional ﬁsh
species, including additional predators (Hershey et al., 1999; Pillai
et al., 2011; Post, 2002), and that the overall link density of the food
web would increase with the number of ﬁsh species (Dunne et al.,
2002a). Metrics of connectance and generality should be constant
across these relatively species poor local- and meta-food webs (Dunne
et al., 2002b; Martinez, 1992). Further, given the relevance of current
environmental change in Arctic freshwaters (Lento et al., 2019;
Prowse et al., 2006), we discuss how climate warming and resource development may affect local- and meta-food webs given differences in
surface water availability and stream-lake connectivity.
2. Methods
2.1. Study area
The ACP is a 50,000 km2 area located north of the Brooks Range and
south of the Beaufort Sea. The region is underlain by permafrost and is
covered in snow from October to June (Martin et al., 2009). In the central ACP (156°50′W – 154°00′W and 70°00′N – 70°50′N), where permafrost processes are chieﬂy responsible for lake formation and
distribution, lakes occupy approximately 40% of the landscape (Grosse
et al., 2013). Mean annual temperature is −10.3 °C, and mean summer
(June–August) temperature is 7.1 °C (U.S. Geological Survey Ikpikpuk
Metrological Station 2006–2012; Urban and Clow, 2014). The spring
freshet results in ﬂooding and movement of water across the low gradient landscape, causing water to spill across stream and lake boundaries.
This temporarily increases water body volume and surface water availability, ephemerally connecting otherwise isolated lakes to the hydrologic network.
We sampled lakes at two locations on the central ACP in 2011–13
(Fig. 1). Study locations provided a contrast in temperature, physiography, and resulting surface water hydrology. The wet location is low gradient and is underlain by peat, whereas the dry location has a slight
gradient, some topography, and is underlain by sand (Jorgenson and
Grunblatt, 2013). Even though locations are underlain by thick, impervious permafrost, differences in temperature and physiography resulted
in stark differences in the amount of surface water drainage (Fig. 1A,
B), where lakes of the wet location are arranged within a dense matrix
of stream channels and wet tundra and lakes of the dry location are
broadly spaced with relatively little surface water between them.
Among the lakes within the study locations, the wet location had a
few isolated lakes compared to the dry location (wet: n = 1, 3%; dry:
n = 7, 23%). Summer temperatures at the wetter location were consistently cooler due to the prevalence of fog near the Beaufort Sea coast
(1.3 °C cooler daily average temperature for July 2012 and 2013; J.
Koch, U.S. Geological Survey, unpublished data). Spring melt was delayed six days at the wetter location compared to the drier location
based on ﬁnal dates of snow loss in 2012 (30-June at the wet location
and 24-June at the dry location, Gurney and Uher-Koch, 2012; UherKoch, 2012). Sampled lakes averaged 2.0 m mean depth (SD = 0.6),
4.2 m maximum depth (SD = 1.8), and 0.6 km2 surface area (SD = 0.6).
2.2. Data collection
We sampled ﬁsh food webs in 16 water bodies of varying surface
water connectivity – no connection, ephemeral connection, or permanent connection – to incorporate water bodies of varying species richness and composition. Lakes included in the study varied in richness
from single species to multi-species assemblages. In both the wet and
dry location, we sampled eight lakes (wet: no connection n = 1, ephemeral connection n = 3, and permanent connection n = 4; dry: no connection n = 3, ephemeral connection n = 1, and permanent
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Fig. 1. Lakes sampled for ﬁsh food web structure at a relatively wet (A) and dry (B) location on the central Arctic Coastal Plain (C) of Alaska. The surface water connectivity metric, lake
order, is provided for sampled lakes: −3, isolated; −1, ephemerally connected; 0, headwater lake with outﬂow only; 1, ﬁrst order lake with 1st order stream outﬂow; and 2, second order
lake with a 2nd order stream outﬂow.

connection n = 4), and collected species richness, species composition,
and dietary information.
To differentiate stream-lake connectivity states, we used the metric
of lake order proposed in Riera et al. (2000), which uses an ordinal
value to specify lake connectivity state based on position in a chain of
lakes. Isolated water bodies with no surface water connection are designated −3, while water bodies with ephemeral connections are −1.
Water bodies with permanent connections are grouped as: 0, headwater lakes with no inﬂow and only an outﬂow; 1, ﬁrst order lakes with
a ﬁrst order stream outﬂow; and 2, second order lakes with a second
order stream outﬂow. Stream channels on the ACP are not typical of
Strahler (1957) stream orders, so the use of the Riera et al. (2000)
lake order metric is modiﬁed. For example, a 1st order lake would
have one inﬂow and one outﬂow, with the inﬂowing channel coming
from a similarly connected lake or a headwater lake. A 2nd order lake
would possess at least two inﬂows and one outﬂow, or would have
one inﬂow from an upstream lake possessing at least two inﬂows.
Lake order was determined by examining the perimeter of each lake
and by investigating the ﬂow direction and permanence of stream connections in the ﬁeld; lake perimeters were examined three to four times
between late June and mid-August. Additionally, lakes were examined
for stream connections using aerial photographs from 2002 (wet and
dry location), 2009 (wet location), and 2011 (dry location).
Lake depth was determined in the ﬁeld by sounding the lake bottom
every 25 to 50 m with a handheld portable depth sounder (SM-5;
Speedtech Instruments, Great Falls, VA, USA). A minimum of two

perpendicular transect lines, north-south and east-west, were used to
calculate the average depth. The transects covered the range of available
depths within a lake, including shallow littoral shelves and the deep
central basins. We recorded the maximum depth found while running
transects in the lake. Values of lake surface area were collected from
the National Hydrography Dataset (available at https://nhd.usgs.gov).
We sampled ﬁsh from lakes using fyke nets, hoop nets, minnow
traps, and experimental gill nets. Two fyke net designs were used, including one constructed with 0.6 cm mesh, 15.2 × 1.2 m wings, and a
1.1 m square opening; and another with 0.6 cm mesh, 9 × 1 m wings,
and a 1 m diameter opening. Nets either blocked lake inlets or outlets
or were set perpendicular to the shoreline. We frequently used two
nets, set end to end, to capture ﬁsh traveling in both directions along
the shoreline. Hoop nets made of 0.6 cm mesh, with a 61 cm opening,
had 4.6 m leads. One lead was attached from the center or two leads attached as wings, depending on the location of ﬁsh capture. We used two
wings blocking a lake inlet or outlet and one lead if the net was set perpendicular to shore. Unbaited minnow traps with 6 mm steel mesh,
23 cm diameter, and 44.5 cm length had two 2.5 cm openings captured
small-bodied and juvenile ﬁsh. The experimental gill nets measured
24.8 by 1.8 m, with eight panels ranging in mesh size from 19 to
64 mm (North American standard; Lester et al., 2009). Time of individual net deployments was generally 4 h or less to limit digestion of stomach contents or potential net feeding, but a high number of total nethours, 24–80 h, was used to improve detection of all ﬁsh species (see
Haynes et al., 2013 and Laske et al., 2016 for detail on imperfect
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Table 1
Characteristics of the environment and food web metrics for each of the sampled lakes. Fish species are NS = ninespine stickleback, AB = Alaska blackﬁsh, LC = least cisco, SS = slimy
sculpin, BW = broad whiteﬁsh, AC = Arctic char, AG = Arctic grayling, BB = burbot, HW = humpback whiteﬁsh, PK = northern pike, and RS = rainbow smelt. Deﬁnitions of metrics in
Section 2.3.1.
Location

Area
(km2)

Mean/max depth
(m)

Lake
order

Fish
richness

Species

n
nodes

n
links

Link
density

Connectance

Generality

Trophic
position

Wet
Dry
Dry
Dry
Wet
Wet
Dry
Wet
Wet
Wet
Dry
Dry
Dry
Dry
Wet
Wet

0.13
0.15
0.58
0.20
0.59
0.24
0.29
0.46
2.67
0.50
0.33
0.92
1.62
0.22
0.72
0.39

1.9/3.0
3.3/7.2
1.6/2.7
1.5/2.5
1.5/3.8
2.4/4.1
1.9/4.3
2.8/5.4
2.6/6.8
1.7/3.0
2.0/3.6
1.2/1.9
2.2/8.3
1.6/3.2
2.3/3.9
1.9/3.6

−3
−3
−3
−3
−1
−1
−1
−1
0
0
0
1
1
2
2
2

1
1
1
2
2
2
2
4
4
4
4
3
5
4
5
9

NS
NS
NS
AB NS
AB NS
LC NS
AB NS
AB LC NS SS
AC AG NS SS
AB LC NS BW
AB LC NS BW
AB AG BW LC NS
AB AG BW LC NS
AB BW LC NS
AB AG BW LC NS
AB AG BB BW HW LC NS PK RS

9
11
11
15
23
19
14
27
23
28
27
15
27
24
31
42

9
10
10
18
28
26
16
35
33
45
51
17
52
41
45
99

1.00
0.91
0.91
1.20
1.22
1.37
1.14
1.30
1.43
1.61
1.89
1.13
1.93
1.71
1.45
2.36

0.11
0.08
0.08
0.08
0.05
0.07
0.08
0.05
0.06
0.06
0.07
0.08
0.07
0.07
0.05
0.06

9.0
10.0
10.0
9.0
14.0
8.7
8.0
7.0
8.3
11.3
10.2
4.3
10.4
10.3
7.5
9.9

3.3

detection). Further, we checked gill nets every hour to limit ﬁsh mortality and stomach content digestion or regurgitation. Collection took place
over two (2011) to four days (2012−13) for each lake sampled. Often,
we sampled in the crepuscular hours; however, given the 24-hr cycle
of light in the Arctic, there is little diel variation in ﬁsh movements
and our ability to detect them (Kahilainen et al., 2004; Haynes et al.,
2013).
To determine trophic links, we took stomach contents for up to 30 of
every trophic species collected in all lakes and preserved them in 95%
ETOH. Trophic species are functional groups of taxa that share predators
and prey (Williams and Martinez, 2000); in this paper, we consider ﬁsh
of the same taxonomic species that have undergone an ontogenetic shift
as two trophic species (young-of-the-year and adults). We considered
two additional trophic species when they occurred, whiteﬁsh
(Coregonus) spp. (b130 mm fork length [FL]) and small least cisco
(b100 mm FL). These young ﬁsh differed in diets from their adult conspeciﬁcs that have undergone an ontogenetic shift (Laske et al., 2018).
We sampled diets via non-lethal gastric lavage using a 60 ml syringe
ﬁlled with ﬁltered water and a 1.7 mm diameter catheter tube, or
after euthanasia by direct collection of the stomach. Stomach samples
were immediately preserved in 95% ethanol in the ﬁeld. In the laboratory, we identiﬁed macroinvertebrates and cladoceran zooplankton
prey to the family level, and to the lowest reasonable level for all
other prey taxa (Laske et al., 2018). To determine trophic position of
ﬁshes via analysis of stable isotopes we collected tissues from euthanized ﬁsh by removing a small section of dorsal muscle, preserved in
95% ethanol and later lipid-extracted (Laske et al., 2018). Data are available from U.S. Geological Survey data release (Laske, 2018).
2.3. Data analysis
2.3.1. Local scale
In all lakes, we determined the number and identity of ﬁsh species.
Using the dietary data at the lowest reasonable taxonomic level (species
level for ﬁsh; family level for macroinvertebrates, brachiopods, and
snails; order or class level for other crustaceans, and lower resolution
taxonomic groupings for the remaining items [e.g., phylum – Nematoda]), we counted the number of nodes (S, taxa in the food web) and
the number of trophic links (L) between ﬁshes and their prey. When dietary data were unavailable for a ﬁsh species that was present (9 of 52
instances), because of empty stomachs or advanced digestion, we interpolated diets by including prey with a frequency of occurrence ≥10% in
the average diet of that species. We determined (1) link density (L/S),
which is a measure of the average dietary specialization of all consumers in the food web; (2) connectance (L/S2), which is an indicator

3.1
4.0
3.8
3.7
3.8

3.8
4.4

of inter-connectivity within the food web; and (3) generality (L/
nconsumers), which is the average number of prey per consumer within
the food web (Dunne et al., 2002a; Thompson et al., 2012). Following
the methods in Vander Zanden et al. (2004), where nitrogen isotope
values are converted to a continuous measure of trophic position
based on [(δ15Nconsumer – δ15Nbaseline)/3.4] + 2, where 3.4 is the trophic
enrichment factor and primary consumers are level two, we compared
ﬁsh δ15N to primary consumer (snail, Gastropoda) δ15N. Snails provide
a useful carbon baseline for Arctic lake food webs because of the littoral
dominance in these lakes and heavy reliance on benthic carbon sources
(Rautio and Vincent, 2006; Sierszen et al., 2003). Average trophic positions were determined for each species in each sampled lake (see Laske
et al., 2018) and the highest value was considered the maximum trophic
position. Stable isotope analysis was performed on ﬁsh from lakes (n =
8) at the wet location (Laske et al., 2018).
To test the inﬂuence of environmental variables on variation in lake
food webs and examine the inﬂuence of surface water connectivity, we
used a multivariate approach, redundancy analysis (RDA; R package
vegan, version 2.5–4, Oksanen et al., 2019). We used this direct gradient
ordination method to test whether food web characteristics were related to the set of relevant variables, including location (wet v. dry),
lake order, area, and depth (e.g., Hershey et al., 1999; Post, 2002).
Axes of the RDA ordination represent linear combinations of the environmental factors, while the length of arrows within relate to the
strength of the relationship. All environmental variables were examined
for strong correlations; for any pair of independent variables with r N
0.6, one variable was selected for use in the RDA. All food web metrics
were examined for strong correlations; for any pair of response variables were r N 0.6, one variable was selected for use in the RDA. Variables and metrics were retained based on the number of pairwise
correlations, with fewer being better, and based on their potential biological relevance. Permutation tests of the RDA model tested for significance of the environmental factors at an α = 0.05 level.
Summary statistics (mean, SD) of the food web metrics were calculated for each lake order. We determined changes in food web metrics
across lake orders using one-way analysis of variance (ANOVA) and
post hoc pairwise t-tests with a false discovery rate (FDR) correction
(R package version 3.3.1). We assembled food web diagrams (R package
diagram, version 1.6) for each lake order category. In all diagrams, prey
items were grouped to the taxonomic level of order or higher, and life
stage (larva, pupa, adult) was identiﬁed when relevant (e.g., for Diptera). Line weights were scaled, and correspond to the proportion of
prey in the diets of predators. Food web diagrams were meant to visually show how food web complexity related to the number of ﬁsh species and the number of foraging links.
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Table 2
Eigenvalues, the percent of variation explained, and biplot scores for the environmental
factors used to examine variation in food web complexity. Values are shown from the
two axes of the redundancy analysis (RDA1 and RDA2). The Pseudo F and p-value were derived from a permutation test (n = 1000), α = 0.05.
RDA1
Eigenvalue
Variation explained (%)
Biplot scores:
Location (dry)
Area
Depth
Lake order

RDA2

0.007
47

0.001
7

0.421
−0.296
−0.191
−0.934

−0.658
−0.172
0.401
−0.354

Pseudo F

p-Value

5

web diagrams were meant to visually show how food web complexity
related to the number of ﬁsh species and the number of foraging links
that occurred across the metacommunity of all lakes.
3. Results
3.1. Local scale

2.638
0.752
0.708
8.506

0.100
0.482
0.506
0.002

2.3.2. Regional scale
In both locations (wet and dry), we determined the number and
identity of ﬁsh species present in the regional meta-food webs (the aggregated food web of all predator-prey links in each location). Using the
dietary data determined in our local scale analysis, we counted the total
number of nodes (S) and the total number of trophic links (L) between
ﬁshes and their prey at each location. We determined link density (L/S),
connectance (L/S2), and generality (L/nconsumers). We assembled food
web diagrams for each location, with prey items grouped to the taxonomic level of order or higher, including life stage (larva, pupa, adult)
when relevant (e.g., for Diptera). Line weights were scaled, and correspond to the proportion of prey in the diets of predators. Meta-food

Of the six food web metrics calculated for each of the 16 lakes, three
– link density, connectance, and generality – were used in the RDA
(Table 1). Fish species richness, the number of nodes, and the number
of links were strongly correlated with one another (r N 0.90). Species
richness was correlated with link density (r = 0.90); number of nodes
was correlated with link density (r = 0.88) and connectance (r =
−0.79); and the number of links was correlated with link density (r
= 0.95). To avoid redundancy of response variables, we removed
those with high correlations, but retained link density (L/S), which included information on both the number of species involved and the
number of trophic links and provided a robust metric for food web complexity. Of the environmental variables (Table 1), only maximum depth
and average depth were correlated; since maximum depth may be
more important to ﬁsh species overwintering potential we retained
that variable.
The ﬁrst axis (RDA1) explained 47% and the second axis (RDA2) explained 7% of the variability in food web complexity (measured by link
density, connectance, and generality; Table 2). RDA1 reﬂected a

1.0

0.5

Depth

Location
Wet

RDA2

Dry

generality
Wet

Lake order

0.0

−3

link.density
Dry

connectance

−1
0

Area

1
2

Lake Order
−0.5

−1.0
−0.5

0.0

RDA1
Fig. 2. Ordination plot of the redundancy analysis (RDA) that shows variation in food web complexity (link density, generality, and connectance) in response to environmental variables
(lake order, depth, area, and location). The food web metrics of each lake are represented by a single point, shapes indicate the sample location (wet or dry region), while colors indicate the
connectivity state (lake order: −3, isolated; −1, ephemerally connected; 0, headwater lake with outﬂow only; 1, ﬁrst order lake with 1st order stream outﬂow; and 2, second order lake
with a 2nd order stream outﬂow). The length of the arrow represents the strength of the environmental gradient. The centroids for the location factor are shown as “wet” and “dry”, rather
than as an arrow.
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richness of 1.3 ± 0.5, signiﬁcantly lower species richness than other
lake orders (Fig. 3A). Ephemerally connected lakes (lake order −1)
contained up to four ﬁsh species, ninespine stickleback, Alaska blackﬁsh,
least cisco Coregonus sardinella, and slimy sculpin Cottus cognatus
(Table 1). Fish species richness in ephemerally connected lakes averaged 2.5 ± 1.0 species. In lakes with permanent connections (lake orders 0, 1, and 2), we observed three to nine ﬁsh species, including
those mentioned above, and Arctic char Salvelinus alpinus, Arctic grayling Thymallus arcticus, broad whiteﬁsh Coregonus nasus, burbot Lota
lota (young of the year, no dietary information included), humpback
whiteﬁsh Coregonus pidschian, northern pike Esox lucius, and rainbow
smelt Osmerus mordax (Table 1). The mean richness in headwater and
1st order lakes was 4 species (Table 3). In 2nd order lakes, mean species
richness was 6.0 ± 2.6 species (Table 3).
Concurrent with increased surface water connectivity and species
richness, mean number of nodes (at the lowest reasonable taxonomic

gradient of food webs in isolated and ephemerally connected lakes (lake
order −1 and –3) with higher connectance and reduced link density
compared to those in connected lakes (lake order 0, 1, and 2) (Fig. 2).
RDA2 reﬂected a weaker gradient of food webs between the wet and
dry locations, and to a lesser degree, by depth, with generality changing
the most along this axis (Fig. 2). Permutation tests of the environmental
variables, with terms added sequentially, indicated that lake order was a
signiﬁcant constraint (F = 8.506, P = 0.002, n permutations = 1000).
Location (F = 2.638, P = 0.100), area (F = 0.752, P = 0.482), and maximum depth (F = 0.708, P = 0.506) were not signiﬁcant constraints
(Table 2).
Fish species richness increased with lake order (ANOVA, F = 6.083, p
= 0.008; Fig. 3A), generally adding species with stream channel permanence and the number of stream channels (Table 3). Isolated lakes (lake
order −3) contained one to two species, ninespine stickleback Pungitius
pungitius and Alaska blackﬁsh Dallia pectoralis (Table 1), with a mean
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Table 3
Summary statistics of food web metrics (mean and SD) across the range of local surface
water connectivity, lake order, on the Arctic Coastal Plain, Alaska. Lake orders, adapted
from Riera et al. (2000), indicate a lake's relationship with the hydrologic network as either −3, isolated; −1, ephemerally connected; 0, headwater lake with outﬂow only; 1,
ﬁrst order lake with 1st order stream outﬂow; and 2, seconder order lake with a 2nd order
stream outﬂow. Deﬁnitions of metrics in Section 2.3.1.
Isolated

Ephemeral Headwater 1st order

2nd order

Lake order
n lakes
Fish richness
n nodes
n links

−3
4
1.3 (0.5)
11.5 (2.5)
11.8 (4.2)

−1
4
2.5 (1.0)
20.8 (5.6)
26.3 (7.8)

0
3
4.0 (0)
26.0 (2.6)
43.0 (9.2)

Link density

1.00
(0.14)
0.09
(0.01)
9.50
(0.58)
3.3 (0.2)

1.25
(0.08)
0.06
(0.02)
9.42
(3.13)
3.6 (0.3)

1.64 (0.23) 1.53 (0.56)

2
3
6.0 (2.6)
32.3 (9.1)
61.7
(32.4)
1.84
(0.47)
0.06
(0.01)
9.22
(1.50)
4.3 (0.2)

Connectance
Generality
Trophic
position†

1
2
4.0 (1.4)
21.0 (8.5)
34.5 (24.7)

0.06 (0.01) 0.07
(0.003)
9.90 (1.52) 7.33 (4.35)
3.84 (−)

† Maximum trophic position data are provided from the wet location only.

level), links, and link density also increased. The increase in number of
nodes with increasing lake order was signiﬁcant (ANOVA, F = 6.187, p
= 0.007); pairwise comparisons showed a gradual increase in number
of nodes where 2nd order lakes had signiﬁcantly more nodes (32.3 ±
9.1) than isolated (11.5 ± 2.5) and ephemerally connected lakes (20.8
± 5.6; Fig. 3B). The number of links increased with increasing lake
order (ANOVA, F = 4.196, p = 0.027; Fig. 3C). Pairwise comparisons
again indicated that 2nd order lakes had a signiﬁcantly higher number
of links (61.7 ± 32.4) compared to isolated (11.8 ± 4.2) or ephemerally
connected lakes (26.3 ± 7.8; Table 3). Link density increased with increasing lake order (ANOVA, F = 4.379, p = 0.023); and the greatest
separation, and only signiﬁcant difference in link density, occurred between isolated and 2nd order lakes (Fig. 3D). Link density varied from
1.00 ± 0.14 links/node to 1.84 ± 0.47 links/node, in the isolated and
2nd order lakes, respectively (Table 3).
Patterns of connectance showed an inverse relationship with surface
water connectivity, declining slightly with increasing lake order
(ANOVA, F = 3.386, p = 0.0488; Fig. 3E). There was no clear pattern
among the lake order groups revealed through post-hoc pairwise comparisons, since values of connectance in isolated and 1st order lakes
were similar, as were the connectance values in all lakes with some surface water connection (lake order N −1). Generality was not different
across all lake orders (ANOVA, F = 0.425, p = 0.788), mean values
were comparable across lake order categories, at about 9.5 prey taxa
per consumer (Table 3). Lastly, mean trophic position increased with
lake order (Fig. 3G), adding one full trophic level between isolated
lakes (3.3 ± 0.2) and 2nd order lakes (4.4 ± 0.2). While this was not statistically signiﬁcant (ANOVA, F = 1.028, p = 0.469), the difference of
one trophic level is likely biologically meaningful.
Based on the visual depictions of primary trophic links in food web
diagrams (Fig. 4), food web complexity was inferred to increase as surface water connectivity increased concurrently with ﬁsh species richness. The number of nodes and links increased with lake order, as did
the number of ﬁsh species that occurred consistently among lakes of
each successive category, one in lake orders −3, −1, and 0 (Fig. 4A–
C), three in lake order 1 (Fig. 4D), and 4 in lake order 2 (Fig. 4E). However, the identity of ﬁsh species in any given web changed its architecture. The number of links increased with the addition of ﬁsh species;
however, ﬁsh species did not contribute equally to the web's complexity
(Table 4). For example, Arctic grayling averaged 15 trophic links, compared to slimy sculpin that averaged 2.5 links (Table 4). Therefore, the
addition of different ﬁsh species to lake food webs resulted in differences in overall complexity. As surface water connectivity increased
and the number ﬁsh consumers increased, the diagrams became more
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crowded – adding more lines and prey taxa (invertebrates resolved no
farther than the taxonomic order). The number of piscivores, represented by links between ﬁsh species, also increased (Fig. 4). Further,
the webs demonstrated common reliance on speciﬁc invertebrate
taxa, in particular, Diptera larvae and cladoceran zooplankton, which
were used by most or all species in these webs.

3.2. Regional scale
About two times as many species occurred at the wet location compared to the dry location (Table 5). Each of the ﬁve species captured at
the dry location was also captured at the wet location, yet, six additional
species were present at the wet location. The number of nodes increased by 10 trophic species and the number of links increased 86%
at the wet location. Comparison between regional meta-food webs indicated link density was seven times greater at the wet location (3.18)
than the dry location (0.45), but connectance and generality were similar (Table 5). Diagrams of meta-food webs (Fig. 5) showed increased
complexity with additional ﬁsh species at the wet location, including
the appearance of two piscivores – northern pike and humpback whiteﬁsh (Fig. 5A). The addition of northern pike, in particular, increased the
food chain length due to the consumption of Arctic grayling. Also, the
number of piscivorous links more than doubled, from three links in
the dry location meta-food web (Fig. 5B) to seven in the wet location
meta-food web (Fig. 5A). Again, we can see consistent reliance by
most ﬁsh species on Diptera larvae and cladoceran zooplankton in
both meta-food webs, but some links are visible that are distinctive
among speciﬁc ﬁshes (e.g., the link between Amphipoda and ninespine
stickleback).

4. Discussion
Well-connected lakes spanned the greatest range of ﬁsh species
richness and had the most complex food webs. Lake order was the overriding factor in determining the complexity of ACP food webs through
the regulation of ﬁsh species richness. Individual lake food web complexity was constrained by the stream-lake connection, where isolated
lakes had reduced link density between ﬁsh and prey due to the reduction in ﬁsh species richness, number of nodes, and trophic links. Interestingly, lake surface area and depth were not related to any of the
food web metrics used in this study, even though they may to contribute
to components of complexity, including species richness (Hershey et al.,
2006), food chain length (Post, 2002), and omnivory or prey switching
(Eloranta et al., 2015). Perhaps the lack of inﬂuence from surface area
and depth was due to the narrow range of lake sizes included in the
study; larger lakes are often more heterogeneous, which increases habitat availability, refuge, and foraging opportunities for ﬁsh (Eloranta
et al., 2015; Ziegler et al., 2017). In ACP lakes, surface area and depth
may dictate the identity of ﬁsh species found in a lake and in the food
web (e.g., Haynes et al., 2014; Hershey et al., 1999; Laske et al., 2016),
which could affect web complexity based on foraging strategies of the
species involved.
As spatial scale increased from a local lake to a meta-food web, more
consumers, prey, and trophic links were aggregated, increasing trophic
complexity, despite constraints on local food web complexity
(Beckerman et al., 2006; Pillai et al., 2011; LeCraw et al., 2014). By considering complexity and structure of aquatic systems in a meta-food
web framework, we can advance a spatial theory of food webs, as called
for by Pillai et al. (2011) and Thompson et al. (2012), that links food web
assembly with habitat connectivity. This is highly relevant, provided
that community stability and persistence may occur over larger spatial
scales (Holyoak, 2000; Bellmore et al., 2015; Mougi and Kondoh,
2016), and the study of meta-food webs can integrate both community
and landscape ecology (Thompson et al., 2012).
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Fig. 4. Example food web diagrams for ﬁshes of the Arctic Coastal Plain, Alaska. Diagrams represent food webs from water bodies with differing surface water connections: (A) lake order
−3, isolated lakes, (B) lake order −1, lakes with ephemeral connections, (C) lake order 0, headwater lakes with outﬂow only, (D) lake order 1, lakes with a 1st order stream outﬂow, and
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Table 4
Mean number (SD) of prey consumed by each ﬁsh species captured on the Arctic Coastal Plain, Alaska. The number of ﬁsh included in stomach content analysis (n ﬁsh) and the number of
lakes (n lakes).
Species

n ﬁsh

n lakes

n prey (SD)

Alaska blackﬁsh
Arctic char
Arctic grayling
Broad whiteﬁsh
Humpback whiteﬁsh
Least cisco (≥100 mm)
Least cisco (b100 mm)
Ninespine stickleback
Northern pike
Rainbow smelt
Slimy sculpin
Whiteﬁsh spp.

24
3
20
15
3
49
40
429
3
3
8
38

8
1
3
4
1
8
6
16
1
1
2
4

6.5 (3.6)
4
15 (2.7)
10 (6.4)
12
11.6 (6.5)
6 (1.9)
11.1 (1.9)
9
3
2.5 (0.7)
4.8 (4.3)

4.1. Meta-food webs
Our aim was to examine how heterogeneity in surface water connectivity inﬂuenced the complexity, and thus, potential stability of Arctic lake food webs; the attributes used to describe food webs as a
network of networks (i.e., a meta-food web; Fig. 6) provided a useful
and descriptive framework. The ﬁsh food webs illustrated in this
paper are representative of those occurring in ACP lakes, and support
the hypothesis that differences in landscape-controlled ﬁsh assemblages are transferred to the food web. Even in a relatively species
poor environment we found the food webs to be complex. The foraging
networks demonstrated known interactions between predators and
their prey and highlighted the overall food web structure, though we
did not examine every trophic node or link to the species level. The simple relationship between surface water connectivity, ﬁsh species richness, and the structure of the resultant food web makes the ACP
landscape an ideal location for examining food web complexity as a
function of the environment (see also Hershey et al., 1999, the
Geomorphic-trophic hypothesis).
The repetition of trophic links across individual lake food webs
should convey stability on the meta-food web by reducing the interaction strength between consumers and their prey (Bellmore et al.,
2015). Further, mobile ﬁsh species that move among multiple lakes
(e.g., Arctic grayling; Heim et al., 2018) can use prey pools in multiple
locations, thereby increasing their access to prey and reducing pressure
on any individual prey pool (Fig. 6A). Reductions in the interaction
strength between predator and prey can also occur through omnivory
(Fig. 6B) or prey switching (Fig. 6C). By using a variety of resources, omnivores or generalists (Fig. 6B, C) can switch to prey in accordance with
its availability, and in doing so, the predator releases certain prey from
top-down pressure (Rooney et al., 2006). Because of the generalist foraging behavior of many ACP ﬁsh, Arctic grayling, least cisco, and
ninespine stickleback readily used multiple resources (McFarland
et al., 2018; Laske et al., 2018), the use of benthic (e.g., Gastropoda),

Table 5
Food web metrics for the wet and dry location meta-food webs on the Arctic Coastal Plain,
Alaska, including the number of lakes and ﬁsh species present. Fish are NS = ninespine
stickleback, AB = Alaska blackﬁsh, LC = least cisco, BW = broad whiteﬁsh, AC = Arctic
char, AG = Arctic grayling, BB = burbot, HW = humpback whiteﬁsh, PK = northern pike,
and RS = rainbow smelt, and SS = slimy sculpin. Deﬁnitions of metrics in Section 2.3.1.

n lakes
Fish species
Fish richness
n nodes
n links
Link density
Connectance
Generality

Wet

Dry

8
AB AC AG BB BW HW LC NS PK RS SS
11
45
143
3.18
0.07
11.9 (7.1)

8
AB AG BW LC NS
5
35
77
0.45
0.06
11.0 (8.1)

nektonic (e.g., Cladocera), and terrestrial prey may promote food web
stability by maintaining energy ﬂow while alleviating predation pressure on speciﬁc organisms (Williams et al., 2002; Rooney et al., 2006).
Experiments on the foraging patterns of ninespine stickleback in ACP
ponds, showed switching based on prey availability (Laske et al.,
2017). By changing prey resources or shifting across food web compartments, a generalist species may reduce competition with other ﬁsh and
reduce oscillations in abundance of the resource base (Eloranta et al.,
2015). Furthermore, given the abiotic constraints to productivity in
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Fig. 5. Meta-food web diagrams for lakes at the wet location (A) and the dry location
(B) on the Arctic Coastal Plain, Alaska. Line weights correspond to the proportion of prey
in the diets of predators. Fish names are as written or abridged as: Stickleback =
ninespine stickleback, Blackﬁsh = Alaska blackﬁsh, Cisco = least cisco ≥100 mm FL,
Cisco sm. = least cisco b100 mm FL, Sculpin = slimy sculpin, Whiteﬁsh = juvenile
whiteﬁsh, Grayling = Arctic grayling, Char = Arctic char, Pike = northern pike, Smelt
= rainbow smelt. For invertebrate prey: l = larva, p = pupa, and a = adult.
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Fig. 6. Hypothetical meta-food web for Arctic Coastal Plain lake ecosystems. The meta food-web is more complex than any of the individual lake food webs, having a greater number of
shared links among more consumers. The food webs represent ﬁsh (black numbered circles) trophic links with their invertebrate resources among a number of lakes with varying surface
water connectivity. Streams are shown by the lines connecting lakes and are permanent (solid) or ephemeral (dashed). Important meta food-web characteristics are shown using black
lines and lettered text. Repeated links (A) – trophic links that occur at multiple locations; the link between resource R6 and consumer C2 is repeated in all webs where they co-occur or
where C2 has access to R6 across local webs. Omnivory (B) – the ability to consume resources from different energy pools or trophic levels; C3 consumes organisms at multiple levels
including C1 and R3. Prey switching (C) – the ability to switch prey in accordance with availability; C1 consumes different resources (R4 and R5) in the absence of other consumers.
Dispersal (D) – the ability to track (follow) prey among locations; C4 can move among lakes in order to consume C5. Prey refugia (E) – any location where an organism is not
vulnerable to predation; C3 and C4 cannot disperse to the location due to poor connectivity, therefore, C1 is safe from predation. Food chain length (F) – increasing the total length of
the food chain or increasing maximum trophic position; C6 consumes species at the top of the resource chain and colonizes only highly accessible locations. Branching links (G) –
forks in the trophic network that allow multiple consumers to share a common resource; in the meta food web, C1 is shared by consumers C3 and C4, but C3 only consumes C1 in the
absence of C4.

the Arctic environment, generalists may, through prey switching, track
limited resources in time and space (Beaudoin et al., 2001; Amundsen
et al., 2010; Hayden et al., 2014; McFarland et al., 2018).
Many Arctic Coastal Plain ﬁshes are highly migratory, moving among
these lakes seasonally, when prey resources are available (Hesslein
et al., 1991; Heim et al., 2016; McFarland et al., 2018). Arctic grayling
can visit multiple areas during the summer months, but return to
known lake outlets to forage on pulses of emigrating ninespine stickleback (Heim et al., 2018). It is likely that environmental controls of connectivity such as stream size, permanence, and discharge inﬂuenced
patterns of ﬁsh species distribution, richness, and composition, and,
therefore, the resultant food web structure (Heino et al., 2015; Heim
et al., 2016; Laske et al., 2016). Consequently, access and dispersal ability are major factors in distributing lake food webs on the Arctic landscape (Fig. 6D). Foraging across lakes can increase the number of
trophic links in the meta-food web, increase the overall complexity,
and provide consumers with alternative energy pools from which to
forage (Bellmore et al., 2013; McFarland et al., 2018).
Constraining connectivity between local webs, as in the dry location,
appeared to restrict the number of repeated energy pathways and, ultimately reduced the variation in energy ﬂow among consumers in the

meta-food web (Hershey et al., 1999; Bellmore et al., 2015; Ziegler
et al., 2017). Fishes in lakes with strong channel connections are more
likely to represent species that use the stream and lake network for migration to winter refuge, food, or reproduction (West et al., 1992; Heim
et al., 2016). Therefore, the maintenance of species richness and food
web structure in these lakes depends on their location within the hydrologic network, number of dispersal corridors (i.e., stream channels), distance between patches, and presence of lakes or patches that provide
colonists or refuge (Holyoak, 2000; Laske et al., 2016).
Regardless of location (i.e., wet or dry), food webs in isolated lakes
were less complex and supported only the hardiest, small-bodied ﬁsh
species. Isolated food webs lacked large-bodied ﬁsh predators either because of lower colonization rates (Pillai et al., 2011; LeCraw et al., 2014)
or extreme conditions (e.g., low dissolved oxygen) that negatively affect
survival of larger species (Jackson et al., 2001; Rautio et al., 2011). Heterogeneity of lake connectivity can provide refuge from predators in the
meta-food web (Fig. 6E; Pillai et al., 2011; Bellmore et al., 2015), much
like spatial heterogeneity within a single lake provides refuge from
predators (e.g., Gilinsky, 1984). Subsequently, isolated lakes supported
distinctive assemblages, not only in terms of ﬁsh assemblages
(Hershey et al., 2006; Laske et al., 2016), but also for invertebrates
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that are not subject to predation pressure from large-bodied salmonids
(Merrick et al., 1992; Tate and Hershey, 2003). For example, Amphipoda
represented a notable portion of food webs in isolated lakes where
ninespine stickleback occur alone. These organisms did not appear in
the food webs of lakes with large-bodied predators (e.g., least cisco, Arctic grayling), and were conspicuously absent from the lakes during site
visits (S. Laske, personal observation). Likely, the lakes lacking salmonid
predators provide refuge for larger invertebrates like amphipods
(Merrick et al., 1992), and provided unique foraging links in the metafood web.
Lakes with strong surface water connections often had longer food
chains. The addition of a top trophic level consumer, northern pike, occurred in a 2nd order lake at the wet location, where surface water connectivity was at a maximum. This ﬁnding lends support to the idea that
lengthening of food chains occurs with increasing colonization potential
(Fig. 6F; Pillai et al., 2011; LeCraw et al., 2014). Among all lake order
groups, ninespine stickleback were consumed, so some degree of
piscivory always occurred. The number of ﬁsh, however, that consumed
ninespine stickleback increased from one species (Alaska blackﬁsh) to
ﬁve species (Alaska blackﬁsh, Arctic grayling, humpback whiteﬁsh,
least cisco, and northern pike), as lake connectivity increased. The
shorter chains (based on MTP) found in lakes of order b2 may have
been reduced because of the high degree of omnivory within those
food webs (Morin and Lawler, 1996; Beaudoin et al., 2001; Ziegler
et al., 2017), where ﬁsh like Arctic grayling and least cisco feed on invertebrates and ﬁsh instead of predominantly on other ﬁsh. However,
given that only lakes in the wet location were sampled for maximum
trophic position, we cannot say if the same pattern occurred among
top-predators (least cisco or Arctic grayling) of the dry location.
The access provided by permanent surface water connectivity
among lakes can increase the number of branching links (Fig. 6G), or
forks in the trophic network that allow multiple consumers to share a
common resource (Pillai et al., 2011). As the number of ﬁsh consumers
increased across the food webs of each lake order, the number of links
arising from a common node (prey taxa) increased from 2 (Lake order
−3) to 10 (Lake order 2). In meta-food webs, numerous trophic species
(ﬁsh species plus year classes) shared resources, with at least 90% of
predators sharing cladoceran zooplankton and Diptera larvae. Given
the degree of resource sharing in the local- and meta-food webs, prey
availability was an unlikely limitation to consumers, and bottom-up
control, where predators must follow prey through space, an unlikely
constraining factor (Holt, 1996; LeCraw et al., 2014). Instead, lake accessibility and species functional traits may dictate their colonization potential and occupancy (Haynes et al., 2014; Laske et al., 2016). For
example, broad whiteﬁsh and least cisco consumed similar numbers
of common prey taxa and may overlap in dietary resource use (Laske
et al., 2018); however, environmental factors driving their distributions
vary strongly with surface water connectivity (Haynes et al., 2014),
where least cisco occurred in lakes with reduced connectivity compared
to broad whiteﬁsh.
Meta-food web complexity was derived from both (1) local scale accessibility of individual lakes by species of differing dispersal abilities
and trophic niches, and (2) regional scale differences in the pool of
available species. Variability in surface water connectivity can promote
regional food web stability by balancing species dispersal with resource
availability (Piechnik et al., 2008; Kratina et al., 2012; LeCraw et al.,
2014). We do not have data on ﬁsh dispersal or movement for these
study lakes, however the seasonal movement patterns of most ACP
ﬁshes is commonly recognized (Craig, 1984; Hesslein et al., 1991;
West et al., 1992; Haynes et al., 2014; Heim et al., 2016; McFarland
et al., 2018). Theoretically, intermediate levels of connectivity between
patches maximizes food web complexity, including increasing link density and food chain length, which also increases food web persistence.
An intermediate level of dispersal balances prey switching and rescue
effects with regional homogenization of communities and food webs
(Kratina et al., 2012; LeCraw et al., 2014; Ziegler et al., 2017); and the
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heterogeneity of the landscape can maintain trophic interactions in
the meta-food web (Bellmore et al., 2015). The need for theories that
address food web assembly and how food web complexity varies with
habitat connectivity and spatial scale are critical, given ongoing and
rapid changes to the environment and to aquatic biodiversity (Sala
et al., 2000; Pillai et al., 2011).
4.2. Environmental change
We expect that food web structure will change in Arctic lakes due to
climate change and resource development, which have the potential to
change surface water dynamics, including the timing, duration, and rate
of ﬂows in the hydrologic network (Cott et al., 2008; Prowse et al., 2006;
Wrona et al., 2006). Among the common ACP species, the annual cycles
of lake connectivity, including the freshet in spring and ice related habitat loss in winter, control their distribution and the formation of assemblages and food webs (Haynes et al., 2014; Heim et al., 2016; Laske et al.,
2016; McFarland et al., 2018). The tundra is projected to be 23–37%
drier by 2075–2084 (Martin et al., 2009), and the loss of surface water
from warming or development could have dramatic effects on local
food webs and on the region's meta-food web. Individual lakes may
lose their connections to the hydrologic network or have their connectivity reduced, and changes in heterogeneity among stream-lake connections could inﬂuence the function of meta-food webs. For example,
19% of the 63 lakes within the two study locations are connected
ephemerally to the stream network (estimated from site visits and aerial photography), and loss of surface water connections could increase
the total number of isolated lakes on the ACP. For example, if ephemeral
connections are lost, 25% (currently 3%) of lakes in the wet location may
become isolated, while 39% (currently 23%) of lakes in the dry location
may become isolated. Proportionally, the wet location is at greater risk
of losing these ephemerally connected lakes, which will likely reduce
the location's variability in food web complexity. Further, this may
change the complexity of the regional meta-food web given changes
to available prey refugia and losses of unique ephemeral-lake trophic
links.
4.3. Conclusion
Lake food webs on the ACP provide an ideal template for testing
meta-food web mechanisms empirically, given the relatively simple
structure of the physical stream-lake network and the trophic network
(few species). We found evidence in support of our prediction that increased surface water connectivity, locally and regionally, would increase food web complexity. Also, variation in stream-lake
connectivity may be crucial for maintaining food web stability by
supporting diverse energy pathways in the meta-food web (Gravel
et al., 2011; Bellmore et al., 2015; Smits et al., 2015). Exploring this relationship between food web structure and landscape ecology has the potential to provide scientists and managers with a framework for
understanding, predicting, and managing ecosystems that are
experiencing multiple perturbations, such as climate change, biological
invasions and anthropogenic development (Thompson et al., 2012).
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