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Abstract

Kaufmann PR, Hughes RM, Whittier TR, Bryce SA, Paulsen SG. 2014. Relevance of lake physical habitat indices
to fish and riparian birds. Lake Reserv Manage. 30:177–191.

Despite the historical focus on water quality, it is becoming increasingly evident that physical habitat conditions
also significantly affect lake biota. We examined associations between fish and bird assemblages and lake physical
habitat based on relatively rapid assessments of Northeast US lakes. Richness of intolerant fish species declined,
and that of tolerant fish species increased across regional gradients of increasing shoreline human development and
decreasing abundance and structural complexity of riparian vegetation and littoral cover. Breeding bird assemblages
observed in the nearshore littoral and riparian area of these lakes were similarly affected by disturbance and habitat
simplification. The percentage of native neotropical migrant birds declined, and the percent of tolerant bird species
increased across the same gradients. We conclude that our relatively rapid physical habitat assessments produce
biologically relevant metrics useful for evaluating lake physical habitat condition and potential impacts on lake biota
in regional and national lake assessments.

Key words: bird–habitat relationships, fish–habitat relationships, habitat complexity, habitat structure, lake
disturbances, lake habitat, lake monitoring, physical habitat, riparian disturbance

In lakes, as in streams, the distribution and abundance of
lentic organisms are influenced by physical, chemical, hy-
drological, and biological attributes that collectively com-
prise habitat. There is growing recognition of the importance
of near-shore physical habitat structure for understanding
differences in lake biotic assemblages (Allen et al. 1999,
Whittier et al. 2002b, USEPA 2009). Information concern-
ing the multiple dimensions of physical and chemical habi-
tat is necessary to interpret biological information and as-
sess ecological condition in lakes. Evaluation of near-shore
habitat structure is particularly important because the phys-
ical and chemical exchange, nutrient cycling, and energy

∗Corresponding author: E-mail: kaufmann.phil@epa.gov
Color versions of one or more of the figures in the article can be
found online at www.tandfonline.com/ulrm.

dissipation that occur there are especially vulnerable to an-
thropogenic perturbation (Schindler and Scheuerell 2002,
Strayer and Findlay 2010, Hampton et al. 2011).

Littoral structure and complexity have long been known
to influence lake fish populations and assemblages (e.g.,
Eschmeyer 1936, Tarzwell 1936). Littoral woody structure
(large woody debris, or LWD) and aquatic macrophytes pro-
vide refuge from predation and affect nutrient cycling and
littoral production (Wege and Anderson 1979, Lynch and
Johnson 1989, Savino and Stein 1989). Many sport fish se-
lectively use complex habitat structure and cover in lakes
(Sass et al. 2006), and the maintenance of diverse fish as-
semblages requires heterogeneity in littoral physical habi-
tat structure and cover (Tonn and Magnuson 1982, Eadie
and Keast 1984, Benson and Magnuson 1992, Taillon and
Fox 2004). Similarly, riparian and littoral habitat complexity
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are associated with increased diversity in periphyton and
macroinvertebrate assemblages (Smokorowski et al. 2006,
Brauns et al. 2007, Butler and deMaynadier 2008, Remsburg
and Turner 2009).

Riparian faunas are also influenced by near-shore terres-
trial and aquatic habitat structure in lakes (e.g., O’Connor
et al. 2000). More bird taxa inhabit less-modified near-
shore zones that have greater riparian vegetation complexity
(MacArthur and MacArthur 1961) and more abundant and
diverse littoral aquatic macroinvertebrate prey (Larsen et al.
2010). The anthropogenic simplification of riparian vege-
tation structure and composition favors habitat generalists
and invasive alien bird species (O’Connor et al. 2000, Bryce
et al. 2002).

Habitat complexity, expressed as the density of riparian trees
and littoral coarse wood, is greatly reduced where there is a
large amount of lakeshore residential development (Chris-
tensen et al. 1996, Francis and Schindler 2006, Kaufmann
et al. 2014b). Whole-lake experiments manipulating coarse
wood loadings have shown that the ecological effects of
habitat simplification can be severe and difficult to reverse
(e.g., Sass et al. 2006, 2012). Lake shoreline human distur-
bances are among the most extensive stressors in lakes of
the Northeastern US, and they are associated with reduced
complexity of riparian and littoral habitat structure (Whittier
et al. 2002b).

Many aspects of shoreline development can have detrimen-
tal effects on fish habitat (Halliwell 2007, 2008). For ex-
ample, developed shorelines had decreased woody struc-
ture (snag habitat), increased sandy shorelines, increased
submerged aquatic macrophyte cover, or decreased emer-
gent and floating-leaf aquatic macrophytes. Such changes
reduced habitat complexity in lakes of Vermont (Merrell
et al. 2009), the Upper Midwest (Radomski and Geoman
2001, Jennings et al. 2003, Hatzenbeler et al. 2004), Maine
(Ness 2006), and Germany (Brauns et al. 2007).

Changes in biotic composition and ecosystem function are
associated with reduced habitat complexity caused by hu-
man activities along lakeshores. In many of the previ-
ous studies, marked reductions in habitat structural com-
plexity deleteriously affected fish and other aquatic biota
(e.g., Wagner et al. 2006, Taillon and Fox 2004, Engel and
Pederson 1998, Whittier et al. 2002a, 2002b). Wagner et al.
(2006) reported negative effects of residential lakeshore de-
velopment on littoral fishes resulting from reductions in the
use of disturbed and simplified near-shore habitat for nest-
ing, foraging, and refuge. Brauns et al. (2007) reported that
taxa richness and diversity of littoral aquatic macroinver-
tebrates in lowland German lakes were significantly lower
in simplified littoral habitats near disturbed shorelines than
in more complex natural littoral areas. In Northeast US

lakes, shoreline disturbance was associated with reduced
species richness of native minnows and increased nonna-
tive piscivorous fish species (Whittier et al. 1997a). Jen-
nings et al. (1999) also reported negative effects on fish
assemblages as riparian alteration increased in Midwest US
lakes.

Kaufmann and Whittier (1997) developed a rapid, semi-
quantitative approach for evaluating near-shore human dis-
turbances and physical habitat structure, including cover and
complexity in littoral and riparian habitats. The US Environ-
mental Protection Agency (EPA) Environmental Monitor-
ing and Assessment Program (EMAP) piloted that approach
in its 1992–1994 Northeastern Lake Survey (EMAP-NE).
Since then, many elements of the EMAP approach for eval-
uating lake physical habitat structure were adapted for moni-
toring by the European Union’s Water Framework Directive
(Rowan et al. 2006) and also were applied in a multi-year
study of Brazilian reservoirs (Molozzi et al. 2011, Macedo
et al. 2012). The EPA modified the EMAP methods for use
in its 2007 National Lakes Assessment (NLA; USEPA 2007,
2009, Kaufmann et al. 2014a, 2014b); however, the biolog-
ical relevance of the EPA habitat assessment approach has
not been formally evaluated.

In this study we evaluate the biological relevance of the EPA
lake physical habitat assessment approach by examining as-
sociations of biota with habitat metrics derived using this
approach. Our objectives were to determine if the taxa rich-
ness and structure of fish and near-shore bird assemblages
were associated with indices of habitat condition. We ex-
pected that simplification of littoral and riparian structure
associated with increased human disturbance of lakes would
increase the richness of tolerant fish species and decrease the
richness of intolerant fish species. Similarly, we expected
that human activity and simplification of near-shore habitat
would increase the proportion of tolerant birds and decrease
the proportion of sensitive native taxa, such as neotropical
migrant birds, in the lake near-shore area.

Study sites and methods
Sample lakes

The EMAP-NE was conducted as a pilot survey to test de-
signs and methods for application at regional and national
scales (Larsen and Christie 1993, Whittier et al. 2002b).
We examined data from 179 lakes sampled during sum-
mers 1992 to 1994 (Larsen and Christie 1993, Larsen et al.
1994; Fig. 1). The population of interest for EMAP-NE was
all lakes in the Northeast US with an open water surface
area of 1–10,000 ha (0.01–100 km2) and a depth ≥1 m.
The survey employed a spatially balanced, probability se-
lection of lakes from an explicitly defined sampling frame,
the Digital Line Graph (DLG) version of the US Geological
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Figure 1. EMAP Northeastern Lake Survey 1992–1994 sample
lakes. In the text we refer to the combination of Omernik’s (1987)
N.E. Highlands and Adirondacks ecoregions as the NE Highlands.

Survey 1:100,000 map series. Surveyed water bodies in-
cluded natural lakes without anthropogenic modifications,
ponded wetlands, human-constructed lakes, and run-of-the-
river reservoirs. We report findings for the Northeast region
as a whole and for 2 subregions: the NE Lowlands and the

NE Highlands (Fig. 1). The NE Highlands is an aggregation
of the Adirondack Mountains and the Omernik (1987) NE
Highlands Level III ecoregions.

Physical habitat observations and metric
definitions

Field crews characterized physical habitat by collecting
data at a randomized set of 10 near-shore stations spaced
equidistant around each lake (Fig. 2). At each station, crews
recorded data within a 10 × 15 m littoral plot, a 15 ×
15 m riparian plot, and a 1 m-wide shoreline band (Fig. 2).
Cover and structure of riparian vegetation, aquatic macro-
phytes, littoral habitat features, and substrate were visually
estimated (Kaufmann and Whittier 1997). Field forms and
procedures were designed for rapid recording of data; as a
result, measurements and observations at each station re-
quired approximately 5 min. Including transit time between
stations, the physical habitat component of lake sampling
required 1.5–3.5 h on lakes ranging from 7 to 560 ha.

The field methods provided information to quantify 7 di-
mensions of lake physical habitat in the near-shore zone of
lakes: (1) water depth and surface characteristics, (2) sub-
strate size and type, (3) aquatic macrophyte cover and struc-
ture, (4) littoral cover for biota, (5) riparian vegetation cover

Figure 2. Field sampling design with 10 near-shore stations at which data were collected to characterize near shore lake riparian and
littoral physical habitat in the EMAP-Northeastern Lake Survey. The 10 stations were systematically spaced around the shore of the lake
from a random starting point. Insert shows riparian plot, shoreline band, and littoral plot located at each station.
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and structure, (6) near-shore human land use and distur-
bances, and (7) bank characteristics that indicate water level
fluctuations and terrestrial-aquatic interaction (Paulsen et al.
1991, Kaufmann 1993). Kaufmann et al. (2014a) describe
the calculations we used to reduce data collected at the 10
littoral-riparian stations to a set of metrics describing near-
shore habitat characteristics for each sample lake; they also
quantify the precision of those metrics.

Composite habitat quality indices

We calculated 5 composite habitat indices as described in
detail by Kaufmann et al. (2014b) for EPA’s NLA. The
habitat indices used here were modified slightly from those
because the survey on which we based our results, con-
ducted in 1992–1994, used an earlier version of the EPA
field measurement protocols that was slightly different from
those used in the NLA:

1. The lakeshore human disturbance index incorporated
measures of the extent and intensity of 12 predefined
types of near-shore human land use activities (commer-
cial development, buildings, roads/railroads, row crops,
orchards, pastures, landfill/trash, lawns, developed parks,
utility lines, bulkheads/revetments, and docks/boats), and
was scaled from 0 (absence of any human disturbance)
to 1 (extremely high disturbance).

2. The riparian cover index characterized the cover and
structural complexity of the 3-layer (canopy, mid, and
ground) lakeshore riparian vegetation, including inun-
dated upland or wetland vegetation. Each contributing
metric was scaled from 0 to 1, and metrics were aver-
aged, yielding an index that varied from 0 to 1.

3. The littoral cover index characterized the cover, struc-
ture, and variety of the 8 littoral fish cover elements:
woody snags, brush, overhanging vegetation, inundated
trees, inundated nonwoody vegetation, boulders, rock
ledges, anthropogenic structures, and 3 aquatic macro-
phyte cover types (floating, emergent, and submerged).
We incorporated both the amount of cover and the variety
of cover types into the littoral cover index because we
believe that both influence the number of individual fish
present, as well as the richness of species present and the
variety of guilds represented. Like the previous indices,
the subcomponents and final index were scaled from 0 to
1.

4. The littoral-riparian complexity index expresses the
amount and structural complexity of the combined
littoral-riparian zone and was calculated by averaging
the riparian and littoral cover indices.

5. Finally, the overall lakeshore habitat quality index was
calculated by averaging the 3 primary indices: riparian
cover, littoral cover, and [lack of] lakeshore human dis-
turbance.

The first 4 of these indices are nearly exact analogues of
the 4 habitat condition indices used in USEPA’s (2009)
NLA.

GIS-derived lake and landscape metrics

In addition to the field data, a number of GIS-based land-
scape metrics were calculated for each lake. Lake elevation
and the total drainage area contributing to the lake (based
on topography) were extracted from the National Eleva-
tion Dataset. Mean annual precipitation at each lake was
estimated using PRISM data gridded at a 2 km resolution
(Daly and Taylor 2002). Percent watershed area with urban,
agricultural, and forest cover were derived from the Na-
tional Land Cover Dataset (Vogelmann et al. 2001; available
at http://landcover.usgs.gov/natllandcover.php). Population
density (individuals/km2) was estimated for the contributing
watershed for each lake based on data from the US Census
Bureau (1990, 2001). We calculated road density (m/ha)
from digital road data (TIGER 1990) in the drainage area
of each lake. Road density serves as an efficient surrogate
for catchment-scale anthropogenic disturbances (Kaufmann
and Hughes 2006).

Fish and riparian bird assemblage sampling
and analysis

Field crews sampled fish assemblages overnight in July and
August at a set of randomly selected sites stratified by macro-
habitat, based on level of human activity, quantity and type of
cover, and substrate (Baker et al. 1997, Whittier et al. 1997b).
The potential number of fish species present in a given lake
increases with lake size (Tonn and Magnuson 1982, Whittier
et al. 1997a, 1997b, Vaux et al. 2000); therefore, depend-
ing on lake size, 3 to 26 sites were selected. Gear included
pelagic gill net sets, littoral trap net and minnow trap sets,
evening seining, and littoral gill net sets in large lakes. In
addition, crews used best professional judgment to locate
1–2 sites based on microhabitat (e.g., stream inlet, macro-
phyte patch, and rock outcrop). These lake-size–adjusted
field sampling methods were designed to capture >80% of
the lake species pool and adequate numbers of individuals
for stable estimates of proportional abundances (Whittier
and Kincaid 1999, Vaux et al. 2000). Data for all gear were
combined into a single lake value for each fish assemblage
metric (Baker et al. 1997, Whittier et al. 1997a, 1997b).

Field crews surveyed riparian breeding birds from 0.5 h be-
fore sunrise to 4 h after sunrise on days with little wind or
precipitation between late May and early July (Baker et al.
1997, Allen et al. 1999). Observations were made from ca-
noes at stations every 200 m along a transect 10 m from
and parallel to the lake shore. Crews recorded all terrestrial
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and aquatic individuals seen or heard within a radius
of approximately 100 m around the station during a 5 min
period. For lake perimeters >5 km, 24 stations were allo-
cated in proportion to the extent of lake shore habitat types.

We examined the associations of 2 fish assemblage metrics
and 2 riparian breeding bird assemblage metrics with the 5
near-shore habitat indices and catchment road density. We
classified fish and riparian bird species according to their
tolerance to general human disturbance (Hughes et al. 1993,
Whittier and Hughes 1998) and their feeding habits, habitat
preferences, life history, and reproductive guild membership
(Hughes et al. 1993, O’Connor et al. 2000). Note that only
native taxa were included as intolerant, and the total taxa list
included species not classified as tolerant or intolerant. We
wanted to show the associations (and possible causal effect)
of habitat condition on tolerant and intolerant fishes and
birds. Among the 4 possible metrics for each of these (rich-
ness vs., % of taxa, and richness vs.% of individuals), we
chose the form of the biotic assemblage metric that showed
the clearest association with habitat and disturbance.

We chose 2 fish assemblage metrics: richness of native intol-
erant species and richness of tolerant species. To account for
species–area relationships, these fish metrics were expressed
as residuals from regressions predicting species richness as
a function of log10 lake surface area. Both metrics are com-
monly used for assessing the condition of lotic ecosystems,
either alone (Whittier et al. 2007, Segurado et al. 2011) or in
multimetric indices (Roset et al. 2007, Whittier et al. 2007).

We characterized bird assemblages in our analysis with 2
assemblage metrics: the proportion of total individual birds
observed that are native neotropical migrant species, and the
proportion of total bird species that are tolerant of anthro-
pogenic disturbances. These bird assemblage proportional
metrics did not require adjustment for lake or basin size.
O’Connor et al. (2000) found similar bird assemblage met-
rics to be responsive to human disturbances around lakes.
Croonquist and Brooks (1993), Bryce et al. (2002), and
Bryce (2006) also used similar metrics to assess the condi-
tion of riparian bird assemblages along streams.

Results
Associations between biota and physical habitat

After scaling the fish assemblage metrics for lake size
(surface area), no other natural landscape attributes were
strongly correlated with either biotic or physical habitat in-
dices in the EMAP-NE, except for negative correlations be-
tween elevation and the tolerant fish (r = −0.50; Bonferroni-
adjusted p < 0.02) and tolerant bird indices (r = −0.40;
Bonferroni-adjusted p < 0.02; Table 1). Basin road density

was consistently related to the habitat and biotic indices as
well as basin-scale land uses (Table 1). Road density was
moderately correlated with near-shore human disturbance
(r = 0.58; Bonferroni-adjusted p < 0.02) and the lakeshore
habitat quality index (r = −0.55; Bonferroni-adjusted
p < 0.02).

Fish assemblages

In agreement with our expectations, we found higher intol-
erant fish taxa richness and smaller proportions of tolerant
generalist species in relatively undisturbed lakes with com-
plex physical habitat. The number of intolerant fish species
(adjusted for lake area) was weakly associated with catch-
ment road density (r = −0.29) near-shore human distur-
bance (r = −0.26), with riparian cover (r = 0.21), littoral
cover (r = 0.09), combined littoral-riparian habitat com-
plexity (r = 0.18), and the lakeshore habitat quality index
(r = 0.27) (Fig. 3). In the NE Highlands, higher than ex-
pected numbers of intolerant fish species were found only in
relatively undisturbed lakes with high littoral-riparian habi-
tat cover and complexity (Fig. 3F). Although intolerant fish
species in NE Lowlands lakes showed slight increases with
littoral cover complexity (Fig. 3D), few were observed in
those lakes, regardless of habitat complexity or near-shore
disturbance levels.

Also in agreement with our expectations, the number of gen-
erally tolerant fish species (adjusted for lake area) was pos-
itively correlated with road density and near-shore human
disturbance (r = 0.49 and 0.47, respectively; Fig. 4A and
4B), and negatively correlated with riparian cover, littoral
cover, and littoral-riparian habitat complexity (r = −0.40
to −0.43; Fig. 4C–4E). The weakest association between
tolerant fish species and habitat was with littoral cover (r
= −0.32) for all lakes combined (Fig. 4D). The strongest
association with tolerant fish species was with the lakeshore
habitat quality index in the Northeastern United States (r =
−0.53), and this moderate decline in tolerant species with
habitat quality was evident in both the NE Highlands and
NE Lowlands ecoregions (compare grey and black symbols
in Fig. 4F).

Riparian breeding bird assemblages

In agreement with our expectations, the percent of neotrop-
ical migrants in the bird counts were higher (generally
>50%) at lakes with low levels of human disturbances
and high levels of habitat complexity, and lower (gener-
ally <20%) in disturbed lakes with low habitat complexity.
The proportion of neotropical migrant birds declined with
increasing road density (r = −0.44) and near-shore human
disturbances (r = −0.50; Fig. 5A and 5B). The proportion
of neotropical migrants was positively (weakly) correlated
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Figure 3. Intolerant fish species richness vs. catchment road density and 5 physical habitat indices. Species richness expressed as
residuals of the number of species regressed against log10 lake area. Grey dots = NE Highlands; black dots = NE Lowlands (Fig. 1).

with both littoral and riparian cover (r = 0.29 and 0.25;
Fig. 5C and 5D) and with combined littoral-riparian habitat
complexity (r = 0.33; Fig. 5E). The strongest and region-
ally most consistent association with neotropical migrant
birds was with the lakeshore habitat quality index (r = 0.51)
and was evident in both NE Highlands and NE Lowlands
ecoregions (Fig. 5F).

Also as expected, the proportion of bird species toler-
ant to human disturbance was strongly correlated with
road density and near shore disturbance (r = 0.69 and
0.70; Fig. 6A and 6B). Tolerant birds were moderately
negatively correlated with the habitat cover and com-
plexity indices that omitted direct measures of human
disturbance (r = −0.45 to −0.31, Fig. 6C–6E) and
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Figure 4. Tolerant fish species richness vs. catchment road density and 5 physical habitat indices. Species richness expressed as
residuals of the number of species regressed against log10 lake area. Grey dots = NE Highlands; black dots = NE Lowlands (Fig. 1).

strongly negatively correlated with the lakeshore habi-
tat quality index (r = −0.70). Associations between tol-
erant bird species and lakeshore habitat indices were
consistently evident in both NE Highlands and NE Low-
lands ecoregions (Fig. 6). Among the 4 biotic assemblage

metrics we examined, the proportion of bird taxa toler-
ant to human disturbance had the strongest, most lin-
ear, and most regionally consistent association with the
5 near-shore habitat indices (compare panels B–F across
Fig. 4–6).
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Figure 5. Proportion of observed individual birds that are neotropical migrant species vs. catchment road density and 5 physical habitat
indices. Grey dots = NE Highlands; black dots = NE Lowlands (Fig. 1).

Discussion
We developed the lake physical habitat field methods and de-
fined habitat metrics and indices to assess many of the habitat
features important to faunal assemblages, including riparian
birds and lentic fish and macroinvertebrates. The associa-
tions we observed between lake fauna and habitat indices

in the EMAP-NE data indicate that those indices provide
useful explanatory information regarding habitat suitability
for fish and birds. Similarly, our human disturbance index
was correlated with increases in the proportions or rich-
ness of fish and bird taxa tolerant of human disturbance and
decreases in taxa intolerant of human disturbances. Those
correlations indicate that the index quantifies aspects of
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Figure 6. Proportion of total bird species that are tolerant species vs. catchment road density and 5 physical habitat indices. Grey dots =
NE Highlands; black dots = NE Lowlands (Fig. 1).

human activities and physical habitat alterations relevant
to those assemblages.

Of the 5 habitat and disturbance metrics we evaluated, the
4 biological metrics were most strongly correlated with the
lakeshore habitat quality index that combined littoral and
riparian cover complexity with near-shore disturbance data.

The lakeshore habitat quality index was also related to dis-
turbances at a larger scale, with moderate correlations with
basin-scale road density, human population density, and per-
cent urban land use (Table 1). Thus, if the aim is to use
a single metric of lake physical habitat condition to link
biological responses with basin-scale human pressures, an
ecoregionally adjusted version of this overall lakeshore
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habitat quality index would be our recommendation. Since
Karr’s (1981) introduction of the Index of Biotic Integrity
(IBI), multimetric indices have been found useful for assess-
ing and reporting on biological condition at multiple scales
and on multiple continents (Hughes and Oberdorff 1999,
Roset et al. 2007). The same may be true for physical habi-
tat assessment and reporting, but further studies are needed
to affirm these patterns.

Although fish and birds were not assessed in the EPA’s NLA,
other biotic assemblages sampled in that assessment were as-
sociated with near-shore physical habitat condition. The rel-
ative risk for impairment of phytoplankton and zooplankton
taxa richness was approximately 3 times greater in lakes that
had poor physical habitat condition than in lakes with fair or
good condition, as measured by the NLA habitat condition
indices (USEPA 2009, Van Sickle 2013). The relative risk
to planktonic assemblages from near-shore habitat degrada-
tion was greater than that for excessive nutrients (USEPA
2009), implying that littoral features such as aquatic macro-
phytes, snags, and coarse substrates increase littoral habitat
complexity and provide important substrate and cover for
phyoplankton and zooplankton, just as they do for fish. Fur-
thermore, lake riparian and littoral cover and complexity can
buffer anthropogenic nutrients, sediments, and toxic inputs
from upland areas just as they do along streams (Carpenter
and Cottingham 1997, Strayer and Findlay 2010).

We found that habitat simplification in lakes was associ-
ated with anthropogenic disturbance, as reported by Whittier
et al. (2002b) and other researchers. Furthermore, extensive
and intensive shoreline human activities simplified habitat
structure and increased the abundance and richness of toler-
ant taxa, reducing the richness of intolerant bird and fish taxa
and generally reducing native taxa richness. The EMAP-NE
physical habitat field protocol and indicators aided us in
assessing such associations. Those associations were con-
sistent with the interpretation that complex, multi-layered
near-shore riparian vegetation and abundant, complex lit-
toral cover foster native fish and bird assemblage richness.

In a previous study of the same lakes, the number of na-
tive minnow species was negatively associated with shore-
line disturbance, whereas the number of alien predator fish
species increased (Whittier et al. 1997a). Likewise, EMAP-
NE impoundments had greater shoreline disturbance, more
tolerant fish species and individuals, and more nonnative
fish species and individuals than did natural lakes (Whit-
tier et al. 2002a, 2002b). Using similar protocols, Molozzi
et al. (2011) found increased proportions of tolerant ben-
thic macroinvertebrate taxa and individuals with increased
near-shore anthropogenic disturbance, and Sanches (2011)
and Terra and Araujo (2011) reported similar relationships
for fish. Lindsay et al. (2002) found that abundance, rich-

ness and diversity of birds increased with moderate levels
of lakeshore human development in a mixed northern for-
est. This pattern is relatively common at intermediate levels
of disturbance, reflecting the replacement of intolerant taxa
by tolerant taxa as food supplies increase with disturbance-
associated increases nutrients. Lindsay et al. (2002) fur-
ther reported that traditional ecological measures of bird
assemblages (abundance, richness, and species diversity)
failed to reveal subtle but important changes in response
to habitat alteration. Their reported decreases in insectiv-
orous and ground-nesting birds (generally intolerant taxa)
and increases in ground-feeding seed eaters (tolerant taxa)
and deciduous tree nesters with anthropogenic disturbance
are similar to our observations on bird assemblages of the
near-shore lake environment.

Demonstration of strong associations between biota and
habitat indicate potential control of biota by habitat. In most
ecosystems there are aspects of physical habitat that ex-
ert natural controls and limitations on the composition and
abundance of organisms present. Monitoring programs are
typically interested in changes in biota that result from an-
thropogenic alteration of habitat. Although we were able to
demonstrate relatively strong correlations between biota and
habitat in this survey, observations of weak or null correla-
tions between habitat and biota do not preclude strong causal
control by habitat characteristics, which can be explained by
at least 3 reasons. First, the lack of variation in some habi-
tat characteristic over time or across the lakes of a region
results in reduced statistical correlation between biota and
that habitat characteristic. Habitat characteristics that change
little over time, or that vary little spatially, may still exert im-
portant controls over biota over longer timescales and larger
spatial scales (Ligeiro et al. 2013). Second, low precision and
low regional variation of the biological metrics relative to
measurement “noise” also limit their potential correlations
with environmental predictor variables (Hughes et al. 1998,
Kaufmann and Hughes 2006, Stoddard et al. 2008, Kauf-
mann et al. 2014a). Third, associations with habitat will not
be strong or even readily detectable if other types of controls
are limiting, which is frequently the case in nature (Mebane
et al. 2003, Bryce et al. 2008, 2010, Steel et al. 2010, Ligeiro
et al. 2013). For example, fish in lakes respond to physical
habitat, water chemistry, zoogeography, biological interac-
tions, and fishery management (Tonn 1990). Quantitative
evaluation of physical habitat structure, however, helps dis-
criminate its probable importance from these other limiting
factors, as suggested by Platts et al. (1983).

In the strictest sense, “cause and effect” can only be
proven on the basis of rigorous experimental results
(i.e., randomized treatments with causal agent). Under this
strict interpretation, no monitoring of any sort could ever
establish cause and effect; however, much of the monitoring
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by State, Federal and Tribal agencies can help establish cau-
sation by strong inference in a weight of evidence approach.
Establishing strong inference for causal linkage via moni-
toring requires 4 criteria (Diamond 1986, Lloyd 1988): (1)
plausible mechanisms for the relationship based on ecolog-
ical first principles; (2) evidence in the literature supporting
these mechanisms; (3) a demonstrated, statistically signif-
icant association present in the monitoring results; and (4)
alternative mechanisms and explanations must be examined
and found unlikely. Our demonstration of correlations be-
tween human disturbances and alteration of habitat com-
plexity and biotic assemblage composition contribute to the
weight of evidence for causal linkages when coupled with
other information.
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cia do alto Paraná) [dissertation]. [Belo Horizonte (Brazil)]:
Pontifı́cia Universidade Católica de Minas Gerais.

Sass GG, Carpenter SR, Gaeta JW, Kitchell JF, Ahrenstorff TD.
2012. Whole-lake addition of coarse woody habitat: response
of fish populations. Aquat Sci. 74:255–266.

Sass GG, Kitchell JE, Carpenter SR, Hrabik TR, Marburg AE,
Turner MG. 2006. Fish community and food web responses
to a whole-lake removal of coarse woody habitat. Fisheries.
31:321–330.

Savino JR, Stein RA. 1989. Behavior of fish predators and their
prey: habitat choice between open water and dense vegetation.
Environ Biol Fish. 24:287–293.

Schindler DE, Scheuerell MD. 2002. Habitat coupling in lake
ecosystems. Oikos. 98:177–189.

Segurado P, Santos JM, Pont D, Melcher A, Garcia Jalon D,
Hughes RM, Ferreira MT. 2011. Estimating species tolerance
to human perturbation: expert judgment versus quantitative
approaches. Ecol Indic. 11:1623–1635.

Smokorowski KE, Pratt TC, Cole WG, McEachern LJ, Mallory
EC. 2006. Effects on periphyton and macroinvertebrates from
removal of submerged wood in three Ontario lakes. Can J Fish
Aquat Sci. 63:2038–2049.

Steel A, Hughes RM, Schmutz S, Muhar S, Poppe M, Trautwein
C, Fukushima M, Shimazaki H, Young J, Feist B, Fullerton
A, Sanderson B. 2010. Meeting the challenges of landscape
scale riverine research: a review. Living Rev Landscape Res.
4:1–60.

Stoddard JL, Herlihy AT, Peck DV, Hughes RM, Whittier TR,
Tarquinio E. 2008. A process for creating multi-metric in-

dices for large-scale aquatic surveys. J N Am Benthol Soc.
27:878–891.

Strayer DL, Findlay SEG. 2010. Ecology of freshwater shore
zones. Aquat Sci. 72:127–163.

Taillon D, Fox MG. 2004. The influence of residential and
cottage development on littoral zone fish communities in
a mesotrophic north temperate lake. Environ Biol Fish.
71:275–285.

Tarzwell CM. 1936. Lake and stream improvement in Michigan.
In: Proceedings from the North American Wildlife Confer-
ence. Washington (DC): US Government Printing Office. p.
429–434.

Terra BF, Araujo FG. 2011. A preliminary fish assemblage in-
dex for a transitional river—reservoir system in southeastern
Brazil. Ecol Indic. 11:874–881.

TIGER. 1990. Modified topologically integrated geographic en-
coding and referencing system; [cited Apr 2011]. Available
from: http://www.census.gov/geo/www/tiger

Tonn WM. 1990. Climate change and fish communities: a concep-
tual framework. T Am Fish Soc. 119:337–352.

Tonn WM, Magnuson JJ. 1982. Patterns in the species composition
and richness of fish assemblages in northern Wisconsin lakes.
Ecology. 63:1149–1166.

US Census Bureau. 1990. TIGER Line Maps: 1990 U.S. Counties.
Washington (DC): US Department of Commerce, US Census
Bureau.

US Census Bureau. 2001. US Census Bureau Online Information.
Washington (DC): US Department of Commerce, US Census
Bureau; [cited 17 Apr 2011]. Available from: http://www.
census.gov/main/www/cen2000.html

[USEPA] US Environmental Protection Agency. 2007. Survey of
the nation’s lakes. Field operations manual. Washington (DC):
US Environmental Protection Agency; EPA 841-B-07-004.

[USEPA] US Environmental Protection Agency. 2009. National
Lakes Assessment – a collaborative survey of the Nation’s
lakes. Washington (DC): USEPA Office of Water; EPA 841-
R-09-001.

Van Sickle J. 2013. Estimating the risks of multiple, covarying
stressors in the National Lakes Assessment. Freshwater Sci.
32:204–216.

Vaux PD, Whittier TR, DeCesare G, Kurtenbach JP. 2000. Eval-
uation of a backpack electrofishing unit for multiple lake
surveys of fish assemblage structure. N Am J Fish Manage.
20:168–179.

Vogelmann JE, Howard SM, Yang L, Larson CR, Wylie BK, Van
Driel JN. 2001. Completion of the 1990’s national land cover
data set for the conterminous United States. Photogram Eng
Remote Sens. 67:650–662.

Wagner T, Jubar AK, Bremigan MT. 2006. Can habitat alteration
and spring angling explain largemouth bass nest success? T
Am Fish Soc. 135:843–852.

Wege GJ, Anderson RO. 1979. Influence of artificial structures
on largemouth bass and bluegills in small ponds. In Johnson
DL, Stein RA, editors. Response of fish to habitat structure in
standing water. Bethesda (MD): American Fisheries Society
Special Publication 6. p. 59–69.

Whittier TR, Halliwell DB, Paulsen SG. 1997a. Cyprinid distri-
butions in Northeast USA lakes: evidence of regional-scale

190



Lake habitat structure influences fish and birds

minnow biodiversity losses. Can J Fish Aquat Sci. 54:
1593–1607.

Whittier TR, Hughes RM. 1998. Evaluation of fish species tol-
erances to environmental stressors in lakes of the north-
eastern United States. N Am J Fish Manage. 18:236–
252.

Whittier TR, Hughes RM, Lomnicky GA, Peck DV. 2007. Fish
and amphibian tolerance values and an assemblage tolerance
index for streams and rivers in the western USA. T Am Fish
Soc. 136:254–271.

Whittier TR, Kincaid TM. 1999. Introduced fish in Northeastern
USA lakes: regional extent, dominance, and effect on native
species richness. T Am Fish Soc. 128:769–783.

Whittier TR, Larsen DP, Peterson SA, Kincaid TM. 2002a. A
comparison of impoundments and natural drainage lakes in
the northeast USA. Hydrobiologia. 470:157–171.

Whittier TR, Paulsen SG, Larsen DP, Peterson SA, Herlihy AT,
Kaufmann PR. 2002b. Indicators of ecological stress and their
extent in the population of northeastern lakes: a regional-scale
assessment. BioScience. 52:235–247.

Whittier TR, Vaux P, Merritt GD, Yeardley RB. 1997b. Fish Sam-
pling. in Baker JR, Peck DV, Sutton DW. (editors). Environ-
mental Monitoring and Assessment Program -Surface Waters:
field operations manual for lakes. Washington, (DC): US En-
vironmental Protection Agency, Office of Research and De-
velopment; EPA/620/R-97/001. p. 6–1 to 6–57.

191


