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ABSTRACT
Availability and selection of macroinvertebrate prey is important to explain
temporal and spatial variation in growth among stream salmonids.
However, few studies contain information to identify such relationships.
Our objectives were to quantify drift and benthic macroinvertebrate prey
availability and selection by brown trout on a seasonal basis in five
streams across three years in southeastern Minnesota. Few taxa were
dominant in diets and the environment with considerable variability in
drifting and benthic prey within streams and seasons. Brown trout
consistently selected only one or two taxa, and displayed neutral or
negative selection for other taxa. In general, large-bodied, energy-rich
benthic prey were selected over other more abundant aquatic
macroinvertebrate taxa and drifting prey. Foraging patterns suggested a
preference of benthic feeding. Electivity of benthos and drift varied
spatially and temporally with a negative relationship between the total
proportion of prey available and prey electivity. In general, seasonal
growth and prey electivity were not related across all streams, but were
positively related within two of five streams. Understanding seasonal and
spatial relationships among growth, prey availability, and prey selection
may aid future management of streams, as climate change is expected to
alter physical conditions and biological communities of streams.
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Introduction

Growth of stream-dwelling salmonids varies greatly among seasons, reflecting the highly seasonal
nature of temperate stream environments (Letcher et al. 2002). Reduced temperature, light, and
macroinvertebrate productivity have been linked with low or negative growth in many streams
(Metcalfe and Thorpe 1992); however, in southeastern Minnesota, there is considerable spatial and
seasonal variation relative to maximum growth rates of brown trout (Dieterman et al. 2004; Dieter-
man et al. 2012; French et al. 2014). Groundwater-dominated streams in this region support highly
productive populations of brown trout, but demonstrate variation in production and diversity of
aquatic macroinvertebrates (Troelstrup and Perry 1989; Waters 2000).

Invertebrate availability and accessibility on a seasonal and temporal scale may influence
brown trout prey selectivity, potentially affecting growth in small groundwater-dominated
streams where aquatic insects are the major prey items (Elliott 1970; Hunt and Krokhin 1975;
Pedley and Jones 1978; Allan 1981). Trout are opportunistic generalists and some studies have
linked growth with the abundance of drifting invertebrate prey (Wilzbach et al. 1986; Erkinaro
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and Niemel€a 1995). Many studies emphasize the importance of drifting prey to trout diet, whereas
the contribution of benthos has been less studied (Tippets and Moyle 1978; Johansen et al. 2010.
Past research in southeastern Minnesota provides evidence for drift feeding of brown trout during
summer (Newman 1987) with neutral selection of terrestrial drift (Laudon et al. 2005), and a
switch to benthic feeding during fall and winter (Newman 1987; Grant 1999; Anderson 2012;
French 2014).

Studies in temperate climates have reported a lack of similarity in the composition of macroin-
vertebrate assemblages and foraging patterns of brown trout, and few studies have assessed these
patterns across streams, seasons, and years (Stoneburner and Smock 1979; Allan 1987; Shearer et al.
2002; Leung et al. 2009). In general, studies of fish growth, prey resources, and selection in temperate
climates are largely restricted to spring, summer, and fall. Few investigations have addressed winter
dynamics of macroinvertebrates and trout during cold periods in more than one stream (Lord 1933;
Maciolek and Needham 1952; Cunjak et al. 1987; Cunjak and Power 1987; Heggenes et al. 1993;
Fochetti et al. 2003; Utz and Hartman 2007; White and Harvey 2007; Johansen et al. 2010). Further-
more, many studies are limited to milder climates (White and Harvey 2007), or diets without
addressing prey preference or availability (Cunjak et al. 1987; Cunjak and Power 1987). Several
investigations have only examined prey in the drift (e.g. Heggenes et al. 1993; Simpkins and Hubert
2000) or benthos (e.g. Fochetti et al. 2003). Finally, studies of growth of brown trout and prey avail-
ability in groundwater-dominated streams of southeastern Minnesota are limited. Recent work
examined winter diet and growth (French 2014; French et al. 2014), and winter prey selectivity
(Anderson et al. 2016) in southeastern Minnesota; however, no study has simultaneously addressed
brown trout growth and prey selectivity of both benthic and drifting macroinvertebrates, and
spanned multiple seasons, years, and streams. Thus, variation in the diet and growth of brown trout
in southeastern Minnesota may reflect differences in prey assemblages and selectivity on a seasonal
and spatial scale.

Our goals were to quantify drift and benthic macroinvertebrate prey availability and selection by
brown trout on a seasonal basis in five streams across three years in southeastern Minnesota. The
objectives were to: (1) characterize seasonal and spatial trends in the assemblages of benthic and
drifting prey; (2) determine whether brown trout select prey relative to availability in the environ-
ment, and identify seasonal and spatial trends in how prey are selected; and (3) investigate seasonal
and spatial relationships between brown trout growth and prey selectivity. Understanding seasonal
and spatial relationships among growth, foraging, prey availability, and prey selection may aid in
the future management of groundwater-dominated streams, as climate change is expected to alter
physical conditions and biological communities of streams in this region. Identifying the prey taxa
most important to the growth of brown trout will provide managers with critical information for
taking actions that mitigate the impacts of climate change on groundwater-dominated streams in
southeastern Minnesota.

Methods

Study area

This study was conducted in five groundwater-dominated streams located in the Driftless Ecoregion
of southeastern Minnesota (Omernik and Gallant 1988) (Figure 1). This region was relatively unaf-
fected by the most recent glaciation, and is characterized by sandstone valleys, limestone bluffs, and
181 groundwater-dominated streams that comprise 1268 stream kilometers (MNDNR 2003). These
coldwater streams are supplied with fertile water by a high number of active springs, and yield
diverse and abundant assemblages of aquatic invertebrates (Waters 1977) and productive popula-
tions of brown trout (Thorn and Ebbers 1997). Brown trout, first introduced to the region in 1888
(Thorn et al. 1997), are now the most abundant salmonid species in southeastern Minnesota (Thorn
1990).
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Sample sites

To investigate how spatial and temporal differences in prey availability and selection may relate to
differences in fish growth, site selection was based on stream accessibility, fish abundance, and a gra-
dient of growth among streams reported by Dieterman et al. (2004). Physical characteristics (e.g.
thermal regime, discharge area) of the selected streams were typical of groundwater-dominated
streams of southeastern Minnesota. Within each stream, a reach of » 200 m was selected for fish

Figure 1. Map of the driftless ecoregion of southeastern Minnesota and five streams sampled for brown trout and macroinverte-
brates, 2011–2013.
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and invertebrate sampling. Most streams contained varying degrees of habitat improvement for
trout management (Thorn et al. 1997). Study streams were ‘summer-cold/winter-warm’ and
remained free of ice during winter.

Fish collection, diet, and growth measurements

Brown trout were sampled in each stream on four to six sample dates per year in 2010–2013. Logisti-
cal limitations and brown trout spawning in fall resulted in some disparity among the number of
sample dates within each season across streams. Fish were collected using a Smith Root� (Washing-
ton, USA) LR 20B backpack electrofisher. Following a single pass of electrofishing along the entire
study reach, captured fish were placed within in-stream holding pens, anesthetized with an immobi-
lizing dose of clove bud oil, weighed (§ 1 g), and measured (§ 1 mm TL). Up to 150 brown trout
(>100 mm TL) per stream per year were tagged in the anterior portion of the body cavity with
9 mm passive integrated transponder (PIT) tags (Biomark Inc.; Idaho, USA) to measure growth
(G; g/day). Random subsamples of up to 30 fish on each sampling date were selected to examine
diet composition using gastric lavage. When possible, the subsample contained 10 fish within each
of the following size ranges to evaluate diets across a variety of available age classes: 100 and 199
mm, 200 and 299 mm, and >300 mm. Captured fish were placed into a holding pen within the
stream to recover from anesthesia and then released into the study site. Stomach contents were pre-
served in 95% ethanol in the field. In the laboratory, aquatic macroinvertebrates in stomach samples
were sorted, identified to the lowest practical taxonomic group, and counted. Only intact specimens
or fragments greater than one-half an intact individual were counted.

Instantaneous daily growth (G; g/day) was calculated for all tagged fish recaptured on at least
two, subsequent sampling events using the following equation:

G ¼ lnW2 � lnW1

t2 � t1

whereW represents weight (g), and t represents the number of days between sampling events.

Invertebrate collection

Drifting macroinvertebrates were collected within 24 hours preceding or following fish collections.
Four drift nets (45 cm £ 25 cm, with a 1 m long bag and 363 um Nitex mesh) were placed in a con-
tiguous line perpendicular to the shoreline in a randomly selected riffle within the study reach. Water
velocity and depth was measured in three locations across the mouth of each net using a Marsh-
McBirney Flo-MateTM Model 2000 Flowmeter. Sampling was conducted within approximately one
hour of sunrise and one hour before sunset, the period when salmonids actively feed on macroinverte-
brate drift during summer, spring, and fall. During winter, drift nets were set approximately one hour
before sunset and remained in the stream for a minimum of 12 hours. Contents of the nets were
passed through a 125 mm sieve, preserved in 70% ethanol, and transferred to the lab for processing.

In the laboratory, macroinvertebrates were picked, sorted, and identified to the lowest practical
taxonomic group that was reasonable for accuracy (typically Family or Genus) using a dissection
microscope. Samples were sorted for a maximum of four hours. Nearly all drift samples (339 of 345,
or 98%) were completely sorted within four hours; however, if sorting was not completed, the per-
centage of the sample processed was estimated, recorded, and multiplied by the total count of each
taxon already sorted.

Benthic macroinvertebrate samples were collected immediately following fish collection with a
Waters-Knapp modification of a Hess sampler (0.086 m2). Five samples were taken from riffles ran-
domly selected within each reach by disturbing the substrate for three minutes. As with drift sam-
ples, benthic collections were passed through a 125 mm sieve prior to preservation in 70% ethanol.
Macroinvertebrates were picked from each sample, sorted, and identified by taxa using a dissection
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microscope. Samples were sorted for a maximum of four hours. Nearly all benthic samples (215 of
224, or 96%) were completely sorted within four hours. However, if sorting was not completed in
four hours, the percentage of the sample processed was estimated, recorded, and multiplied against
counts of individuals already sorted for each taxon.

Analysis

A multiple response permutation procedure (MRPP) (Zimmerman et al. 1985; McCune and Grace
2002) was performed in program R (version 3.1.2) to compare brown trout diet and taxonomic
composition of drift and benthos between streams and seasons. MRPP makes no distributional
assumptions (Smith 1998) and a distance matrix is calculated using any number of possible distance
measures. Each analysis was performed using proportions of each invertebrate taxon, determined by
dividing the number of individuals from a given taxon by the total number of individuals collected
on each sample date. Only taxa >1% of total invertebrates were used in the analysis. Proportions
were arcsine transformed prior to analysis, and separate tests were run for drift and benthos. Proba-
bility of type I error was calculated using a randomization algorithm that allows for comparison
between observed d (weighted mean within-group distance) and the randomized d distribution. This
probability value expresses the likelihood of generating a random d smaller than the observed value.
An effect size of A was also calculated as

A ¼ 1� observed d

expected d

and represents observed within-group homogeneity relative to what could be expected by chance
(McCune and Grace 2002). For this study, A provides a measure of the overall agreement among
the relative quantity and diversity of invertebrates within the group designated (e.g. stream, season,
and year). Within-group homogeneity is greater than the random observation when A > 0 and less
when A< 0. The A-value is useful in attaching ecological significance to observed differences among
groups because it is independent of sample size (McCune and Grace 2002).

A Kruskal–Wallis test (Sokal and Rohlf 1981) was used to determine whether there was a signifi-
cant difference among means of the relative proportion of taxonomic groups among seasons and
streams. This test does not indicate the difference between means, only whether the difference is sta-
tistically significant. For this analysis, all prey data were expressed as a proportion or percentage
contribution of a particular taxon to the overall collection. Prey categories comprising <5% of total
prey were combined into a single ‘Other’ category.

Patterns in drift and benthic prey selectivity across streams and seasons were analyzed with the
Manly–Chesson index (a) (Manly 1974; Chesson 1978, 1983) using the numerical proportion of
each prey category in brown trout diets:

ai ¼ ri=piPm
i¼1ri=pi

where ri is the proportion of food item i in the diet, pi is the proportion of food item i in the environ-
ment, and m is the number of food items in the environment. Invertebrate categories that comprised
<5% of total diet and available prey were combined into a single ‘Other’ category.

Values of a range from 0 (complete avoidance) to 1 (complete preference). When a = 1/m, prey
are consumed in proportion to abundance in environment, whereas a > 1/m indicates preference,
and a < 1/m indicates avoidance. Manley–Chesson’s index allows for temporal and spatial compari-
sons among selectivity values even if the relative abundances of prey types in the environment change
(Chesson 1983). Mean selectivity and the value for random feeding can be evaluated by testing the
null hypothesis that a is equal to 1/m, using a t-test comparing mean ai with 1/m for each prey cate-
gory to identify significant trends in prey selection within seasons and streams (Chesson 1983).

JOURNAL OF FRESHWATER ECOLOGY 657



Overall electivity, or preference, of each prey item (ei) was determined by centering the estimated
values of a on zero using the following:

ei ¼ mâi

m� 2ð Þâi þ 1

Electivity (e) scales from ¡1 to 1; where ¡1 indicates total avoidance of a prey; 0 indicates a prey
item taken in proportion to its abundance; and 1 indicates total preference for a prey. Prey electivity
was calculated as the mean of the absolute value of e. A Kruskal–Wallis test was performed to com-
pare brown trout prey electivity among streams and seasons.

The relationship between mean fish growth (g/day) and mean prey selectivity (a) on a seasonal
basis was evaluated with a simple linear regression, using data from all streams combined and using
data from each individual stream at a stream-scale.

Results

Diet composition

The composition of brown trout diets was similar across seasons (MRPP, A < 0.01, p = 0.31) for all
streams combined (Table 1). In contrast, diet composition differed across streams (MRPP, A = 0.11,
p < 0.01) for all seasons combined (Table 2).

Drift composition

Taxonomic composition of drifting invertebrates across seasons was significantly different (MRPP,
A = 0.04, p = 0.01) for all streams and sample dates combined (Table 1). Mean proportional avail-
ability of taxa also varied significantly within all seasons. Chironomidae (mostly larval and pupal
forms) was proportionally the most abundant drifting prey overall (x = 0.59, H = 11, d.f. = 3, p <

0.01); and within each season, ranging from 0.39 in winter (H = 160, d.f. = 3, p < 0.01) to 0.72 in
fall (H = 81.4, d.f. = 3, p < 0.01).

Overall, the total proportion of drifting macroinvertebrates varied significantly across seasons
(H = 27.4, d.f. = 4, p < 0.01); the highest proportion of drift was collected in spring (x = 0.47), and
the lowest proportion was collected in winter (x = 0.07). In addition, the mean proportional distri-
bution of the following drifting prey varied across seasons: Brachycentrus (H = 16.5, d.f. = 3,

Table 1. Seasonal variation in prey assemblages and diet composition of brown trout across five
streams in southeastern Minnesota, 2011–2013, based on a MRPP test.

Distance Observed delta Expected delta A P-Value

Diet 0.69 0.70 <0.01 0.31
Winter 0.54
Spring 0.48
Summer 0.46
Fall 0.53
Drift 0.46 0.49 0.04 0.01
Winter 0.53
Spring 0.48
Summer 0.46
Fall 0.54
Benthos 0.67 0.69 0.02 0.05
Winter 0.68
Spring 0.70
Summer 0.63
Fall 0.66
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p < 0.01), Chironomidae (H = 28.5, d.f. = 3, p < 0.01), and Simuliidae (H = 13.2, d.f. = 3, p < 0.01).
In spring, the highest relative proportions were collected for Brachycentrus (x = 0.54), Chironomi-
dae (x = 0.44), and Simuliidae (x = 0.66), whereas the lowest proportions of these taxa were collected
in winter (x = 0.06, 0.04, and 0.05, respectively).

The distribution of drifting prey types also varied significantly across streams when data from all
sample dates and seasons were combined (MRPP, A = 0.06, p < 0.01) (Table 2). Chironomidae was
the most abundant drifting prey collected in all streams, with the highest mean proportion in Daley
Creek (x = 0.66, H = 121, d.f. = 3, p < 0.01), followed by Beaver Creek (x = 0.60, H = 104, d.f. = 3,
p < 0.01).

Although there was no variation in the mean proportion of total drift collected across streams,
the mean proportional distribution of the following drifting prey types did vary: Brachycentrus (H =
62.7, d.f. = 4, p < 0.01), Chironomidae (H = 13.2, d.f. = 4, p < 0.01), and Baetis (H = 9.4, d.f. = 4,
p = 0.05). Interestingly, the highest mean proportions of all drifting prey taxa were collected in Gar-
vin Brook, and ranged from 0.28 of all Baetis to 0.63 of all Brachycentrus.

Benthic composition

Taxonomic composition of benthic assemblages was significantly different across seasons (MRPP,
A = 0.02, p = 0.05) (Table 1), and for the relative proportion of benthic prey within each season. Chi-
ronomidae comprised 26% of benthic prey (H = 121, d.f. = 3, p<0.01), and was the most abundant
taxon collected in summer (x = 0.33, H = 92.9, d.f. = 3, p < 0.01) and fall (x = 0.25, H = 59.1, d.f. =
3, p < 0.01). Brachycentrus was proportionally the most abundant prey in spring (x = 0.28, H =
84.1, d.f. = 3, p < 0.01) and winter (x = 0.26, H = 23.5, d.f. = 3, p < 0.01), and the second most avail-
able prey overall (x = 0.23).

Relative proportional distributions of many benthic prey taxa varied across seasons for all streams
and sample dates combined, similar to the drift. Distributions of Baetis, Elmidae, and Gammarus
were relatively similar across seasons, whereas distributions of Brachycentrus (H = 13.2, d.f. = 3, p <

0.01), Chironomidae (H = 14.1, d.f. = 3, p < 0.01), and Simuliidae, predominately Simulium, (H =
13.1, d.f. = 3, p < 0.01) were significantly different. Proportions of Brachycentrus (x = 0.36) and Simu-
liidae (x ¼ 0.48) were highest during spring and lowest during fall (x = 0.17, x = 0.05, respectively),
whereas the proportion of benthic Chironomidae (x = 0.42) was highest during summer and lowest

Table 2. Variation in prey assemblages and brown trout diet composition among five streams in
southeastern Minnesota, 2011–2013, based on a MRPP test.

Distance Observed delta Expected delta A P-Value

Diet 0.62 0.69 0.11 <0.01
Beaver Creek 0.68
Daley Creek 0.59
Garvin Brook 0.62
Gribben Creek 0.69
Trout Run Creek 0.52
Drift 0.45 0.48 0.06 <0.01
Beaver Creek 0.49
Daley Creek 0.42
Garvin Brook 0.50
Gribben Creek 0.48
Trout Run Creek 0.39
Benthos 0.59 0.69 0.13 <0.01
Beaver Creek 0.60
Daley Creek 0.50
Garvin Brook 0.55
Gribben Creek 0.60
Trout Run Creek 0.71
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during winter (x = 0.12). Relative contributions of total benthic prey varied significantly by season, and
were highest in summer (x = 0.33) and lowest in winter (x = 0.18) (H = 7.5, d.f. = 3, p = 0.05).

The taxonomic composition of benthic assemblages was significantly different among streams
(MRPP, A = 0.13, p < 0.01) (Table 2), as were the relative proportions of prey types collected within
each stream for all sample dates and seasons combined. Chironomidae was the most abundant
benthic prey collected in Trout Run Creek (x = 48.0, H = 100.7, d.f. = 6, p < 0.01), Daley Creek (x =
34.3, H = 121, d.f. = 6, p < 0.01), and Gribben Creek (x = 21.4, H = 70.7, d.f. = 6, p < 0.01). Brachy-
centrus was most abundant in Garvin Brook (x = 22.5, H = 40.8, d.f. = 6, p< 0.01) and Beaver Creek
(x = 37.4, H = 116, d.f. = 6, p < 0.01).

The relative proportional distributions of all benthic taxa, with the exception of Chironomidae
(H = 7.2, d.f. = 4, p = 0.11), varied significantly across streams. Garvin Brook contained the highest
proportions of Brachycentrus (x = 0.52, H = 77.5, d.f. = 4, p<0.01) and Baetis (x = 0.29, H = 12.9,
d.f. = 4, p = 0.01), whereas approximately 75% of all Elmid beetles were collected in Beaver Creek
(H = 130.9, d.f. = 4, p < 0.01). Daley Creek contained the highest proportions of Simuliidae (x =
0.43, H = 20.3, d.f. = 4, p < 0.01) and Gammarus (x = 0.53, H = 48.7, d.f. = 4, p < 0.01). The highest
relative proportion of all benthic prey was collected in Garvin Brook (x = 0.32) followed by Beaver
Creek (x = 0.21), whereas Gribben Creek contained the least (x = 0.11, H = 14.1, d.f. = 4, p < 0.01).

Prey selection

Overall
Mean electivity (e) of brown trout in all streams varied significantly among prey taxa, when benthos
and drift were combined (H = 135.8, d.f. = 7, p < 0.01). Brown trout selected Physella (e = 0.32) and
Gammarus (e = 0.06), and avoided all other taxa.

Selection of Physella was significantly greater than neutral (1/m = 0.13) (a = 0.37, d.f. = 40, p <

0.01) in the benthos, whereas brown trout avoided Brachycentrus (a = 0.08, d.f. = 45, p < 0.05),
Elmidae (a = 0.02, d.f. = 31, p < 0.01), and Baetis (a = 0.07, d.f. = 42, p < 0.01) (Table 3). Electivity
of drifting Physella (a = 0.40, d.f. = 31), Brachycentrus (a = 0.20, d.f. = 43, p < 0.01), and Gammarus
(a = 0.29, d.f. = 5, p < 0.01) was significantly greater than neutral selection (1/m = 0.14); however,
brown trout avoided Chironomidae (a = 0.09, d.f. = 49, p < 0.05) and Simuliidae (a = 0.02, d.f. =
39, p < 0.01) (Table 3).

Prey electivity by season
Mean electivity (e) of brown trout in all streams also varied significantly among prey taxa on a
seasonal basis, when benthos and drift were combined: winter (H = 34.5, d.f. = 9, p < 0.01), spring
(H = 65.1, d.f. = 7, p < 0.01), summer (H = 43.6, d.f. = 7, p < 0.01), and fall (H = 19.6, d.f. = 6, p <
0.01). Limnephilidae was the most highly selected prey during winter (e = 0.55) and the second
most highly selected prey in spring (e = 0.17). Physella was the most selected prey type during spring
(e = 0.32) and fall (e = 0.22), and second most highly selected prey during winter (e = 0.46). Gam-
marus was most highly selected for during summer (e = 0.15).

In contrast, mean electivity of brown trout was lowest for Ephemerellidae during winter
eð = �0.99), followed by Simuliidae (e = �0:83), which were also avoided during spring

(e = �0.72), and summer (e = �0.80). During summer, mean electivity was lowest for Elmidae
(e = �0.99).

Mean electivity (e) varied for benthos (H = 8.6, d.f. = 3, p = 0.03) and drift (H = 7.9, d.f. = 3, p =
0.04) among seasons when all sample dates were combined (Figure 2). In general, brown trout dem-
onstrated highest selectivity toward drifting (e = 0.69) and benthic (e = 0.63) prey during winter.
Fish were least selective for drift during fall (e = 0.53) and least selective of benthos during summer
(e = 0.49) (Figure 2).

Winter selection and electivity: benthos vs. drift. When data from all streams were combined,
brown trout avoided Simuliidae (a = 0.02, d.f. = 3, p < 0.01) and Brachycentrus (a = 0.03, d.f. = 5,
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p < 0.01) in winter in the benthos and mean selection of Simuliidae (a = 0.01, d.f. = 5, p < 0.01),
Baetis (a = 0.02, d.f. = 5, p < 0.01), Ephemerellidae (a = 0.0, d.f. = 2, p < 0.01), and Perlidae (a =
0.0, d.f. = 1, p < 0.01) in the drift was significantly lower than neutral (1/m = 0.11) (Table 4). Brown
trout demonstrated selection of drifting Physella (a = 0.53, d.f. = 3, p = 0.03) during winter, but
other values for prey selection in the benthos and drift were not significantly different than random
(Table 4).

Between streams, brown trout demonstrated differences in electivity (e) for drifting prey types in
winter. Physella was the most selected drifting prey type in Beaver Creek (e = 0.84), Daley Creek (e
= 0.89), and Gribben Creek (e = 0.96), whereas brown trout selected Chironomidae in Garvin Brook
(e = 0.58) and Brachycentrus in Trout Run Creek (e = 0.98). Gammarus were selected in Daley Creek

Table 3. Mean prey selectivity (Manly-Chesson index, ai; SD) overall for brown trout collected from
five streams in southeastern Minnesota, 2011–2013. Values significantly different (�p < 0.05), from
1/m are indicated by ‘+’ for positive selection and ‘�0” for negative selection.

Overall (all sample dates combined)

Benthos 1/m Prey type a

0.13 Brachycentrus �0.08(0.14) �

Chironomidae 0.16(0.24)
Simuliidae 0.09(0.18)
Elmidae �0.02(0.04) �

Baetis �0.07(0.11) �

Physella +0.37(0.29) �

Gammarus 0.15(0.18)
Other 0.17(0.17)

Drift 1/m Prey type
Brachycentrus +0.20(0.21) �

Chironomidae �0.09(0.12) �

Simuliidae �0.02(0.02) �

Baetis 0.12(0.16)
Physella +0.41(0.31) �

Gammarus +0.29(0.26) �

Other 0.15(0.18)

Figure 2. Mean electivity (e; §1 s.e.) of brown trout by season for benthos (H = 8.6, d.f. = 3, p = 0.04) and drift (H = 7.9, d.f. = 3, p
= 0.04) in five streams across southeastern Minnesota, 2011–2013.
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(e = 0.53) and Gribben Creek (e = 0.42). Drifting Simuliids were avoided during winter in all
streams, with mean electivity ranging from �0.97 in Daley Creek to �0.55 in Garvin Brook. In addi-
tion, brown trout avoided Baetis and Chironomidae in the drift in all streams except Garvin Brook,
where mean electivity was 0.21 and 0.66, respectively.

Electivity of benthic prey also varied across streams during winter. Brown trout selected Gamma-
rus in Daley Creek (e = 0.60), Chironomidae in Garvin Brook (e = 0.48), Limnephilidae in Gribben
Creek (e = 0.63), and Physella in Trout Run Creek (e = 0.96) and Beaver Creek (e = 0.99). Brown
trout selected Physella in the benthos in all streams, except Daley Creek (e = ¡0.56). In addition,
brown trout avoided Brachycentrus and Simuliidae in the benthos in all streams where these they
occurred.

Overall, brown trout electivity of drifting prey varied from eð = 0.80) in Beaver Creek to eð =
0.36) in Garvin Brook in winter, but electivity was not significantly different across streams (H =
8.9, d.f. = 4, p = 0.06). In contrast, electivity of benthos varied significantly across streams (H = 12.1,
d.f. = 4, p = 0.02); brown trout demonstrated the highest electivity in Beaver Creek eð = 0.82) and
lowest electivity in Garvin Brook eð = 0.36).

Spring selection and electivity: benthos vs. drift. When data from all streams were combined, selec-
tion of Simuliidae was significantly less than neutral (1/m = 0.13) (a = 0.01, d.f. = 20, p< 0.01) among
drifting taxa, whereas brown trout selected Physella (a = 0.37, d.f. = 12, p < 0.01) and Gammarus (a =
0.28, d.f. = 14, p = 0.02) in spring (Table 4). Brown trout also avoided Simuliidae (a = 0.07, d.f. = 18,
p = 0.03) and Baetis (a = 0.05, d.f. = 17, p < 0.01) in the benthos in spring, but selection of benthic
Physella was significantly greater than neutral (1/m = 0.13) (a = 0.34, d.f. = 15, p< 0.01) (Table 4).

Mean electivity (e) for drifting and benthic prey varied in spring between streams. Drifting Phys-
ella was selected by brown trout in all streams except Garvin Brook, and ranged from 0.12 in Beaver
Creek to 0.84 in Trout Run Creek. Likewise, Physella was the most widely selected benthic prey,
with positive electivity in all streams except Beaver Creek, and ranged from 0.12 in Gribben Creek
to 0.67 in Daley Creek. Limnephilidae was the most preferred drifting prey in Beaver Creek (e =
0.94) and most preferred benthic prey in Daley Creek (e = 0.75), and Gammarus was the most pre-
ferred drifting prey taxon in Beaver Creek (e = 0.38) and Gribben Creek (e = 0.23) in spring. Simu-
liids were avoided in the benthos and drift in all streams, with the exception of Beaver Creek (e =
0.03). Likewise, brown trout avoided Brachycentrus in the benthos in all streams, with mean electiv-
ity from �0.33 in Garvin Brook to �0.83 in Gribben Creek, and as drift in all streams, except Trout

Table 4. Mean prey type selectivity (Manly-Chesson index, ai; SD) by season for brown trout collected from five streams in south-
eastern Minnesota, 2011–2013. Values significantly different (�p < 0.05), from 1/m are indicated by ‘+’ for positive selection and
‘�’ for negative selection; n is the number of independent sample dates.

Benthos Drift

Season 1/m Prey type a i Season 1/m Prey type a i

Winter 0.13 Brachycentrus �0.03(0.03) Winter 0.11 Simuliidae �0.01(0.01)
(n = 8) Simuliidae �0.02(0.02) (n = 6) Baetis �0.02(0.05)

Other �0.06(0.07) Ephemerellidae �0.00(0.00)
Perlidae �0.00(0.00)
Physella +0.53(0.32)

Spring 0.13 Simuliidae �0.07(0.13) Spring 0.13 Simuliidae �0.01(0.01)
(n = 21) Baetis �0.05(0.06) (n = 21) Physella +0.37(0.31)

Physella +0.34(0.23) Gammarus +0.28(0.07)
Summer 0.17 Summer 0.14 Brachycentrus +0.29(0.19)
(n = 12) (n = 12) Chironomidae �0.09(0.10)

Simuliidae �0.01(0.01)
Baetis �0.06(0.06)
Formicidae �0.09(0.10)
Gammarus +0.37(0.27)

Fall 0.14 Elmidae �0.00(0.00) Fall 0.14 Simuliidae �0.03(0.04)
(n = 9) Physella +0.36(0.30) (n = 9) Other �0.08(0.04)
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Run Creek (e = 0.06). Brown trout avoided Baetis in the benthos and in drift in all streams, except
Garvin Brook (e = 0.18). Chironomidae was the only prey avoided in the benthos and drift in all
streams in spring.

Overall, mean electivity (eÞ of benthic prey varied significantly across streams in spring (H = 19.2,
d.f. = 4, p < 0.01), whereas electivity for drifting prey did not (H = 4.1, d.f. = 4, p = 0.30). Brown
trout in Daley Creek demonstrated highest electivity for drift eð = 0.69) and benthos eð = 0.73),
but fish were least selective for drift in Garvin Brook eð = 0.55) and least selective for benthos in
Beaver Creek eð = 0.35).

Summer selection and electivity: benthos vs. drift. When data from all streams were combined,
brown trout did not select Chironomidae (a = 0.09, d.f. = 12, p = 0.02), Simuliidae (a = 0.01, d.f. =
12, p < 0.01), Baetis (a = 0.06, d.f. = 11, p < 0.01), and Formicidae (a = 0.09, d.f. = 10, p = 0.04)
from the drift, whereas drifting Brachycentrus (a = 0.29, d.f. = 11, p < 0.01) and Gammarus (a =
0.37, d.f. = 12, p < 0.01) were favored during summer (Table 4). Brown trout demonstrated neutral
selection (1/m = 0.17) during summer toward all benthic taxa (Table 4).

Mean electivity (e) of drifting and benthic prey varied in summer across streams. Gammarus was
the most widely ingested drifting prey, with positive electivity in all streams, except Trout Run
Creek. Brachycentrus were selected in Beaver Creek (e = 0.49) and Trout Run Creek (e = 0.67) in
summer Chironomidae were avoided in all streams in the drift, except Garvin Brook, drifting Baetis
were avoided in all streams, except Daley Creek (e = 0.15) (Table 4).

Brachycentrus was selected in Daley Creek (e = 0.89) from the benthos, whereas brown trout
selected Gammarus in Garvin Brook (e = 0.46) and Gribben Creek (e = 0.17), Chironomidae in Gar-
vin Brook (e = 0.15), and Elmid beetles in Trout Run Creek (e = 0.24). Simuliidae was the most
widely avoided drifting prey in all streams, and ranged from �0.85 in Garvin Brook to �0.98 in
Daley Creek. Brown trout in Beaver Creek avoided Elmidae (e = �0.80) during summer in the ben-
thos, whereas brown trout in Daley Creek and Gribben Creek avoided Chironomidae (e = �0.88,
�0.50, respectively), and Gammarus (e = 0.57) in Trout Run Creek (Table 4).

Mean electivity (eÞ of drift in summer differed significantly among streams, and ranged from
0.47 in Beaver Creek to 0.63 in Daley Creek (H = 9.1, d.f. = 4, p = 0.05). Mean electivity of benthos
did not vary significantly among streams during summer (H = 3.5, d.f. = 4, p = 0.52).

Fall selection and electivity of benthos vs. drift. No prey were significantly selected during fall from
the drift; however selectivity for Simuliidae (a = 0.03, d.f. = 8, p< 0.01) and other taxa (a = 0.08, d.f.
= 7, p < 0.01) were significantly less than neutral (1/m = 0.14) (Table 4). Selectivity for Physella (a =
0.36, d.f. = 8, p = 0.03) was significantly higher than neutral, whereas selectivity for Elmidae (a = 0.0,
d.f. = 4, p< 0.01) was significantly lower than neutral (1/m = 0.14) from the benthos in fall (Table 4).

Among streams, mean electivity (e) of benthic and drifting prey varied during fall. Physella was
the most preferred drifting prey in Beaver Creek (e = 0.58), Garvin Brook (e = 0.33), Gribben Creek
(e = 0.08), and Trout Run Creek (e = 0.75), but avoided in Daley Creek (e = �1.0). Gammarus was
selected in Daley Creek (e = 0.56) and Garvin Brook (e = 0.22) in fall. Drifting Simuliidae was
avoided in Beaver Creek (e = �0.86), Daley Creek (e = �0.78), Gribben Creek (e = �0.69), and
Trout Run Creek (e = �0.98). Brachycentrus was selected in Beaver Creek (e = 0.56), and Trout Run
Creek (e = 0.50), but avoided in Garvin Brook (e = �0.70) and Gribben Creek (e = �0.48).

Physella was the most selected benthic prey in Beaver Creek (e = 0.88) and Gribben Creek (e =
0.76), whereas Chironomidae was selected for in Daley Creek (e = 0.23), Garvin Brook (e = 0.50),
and Trout Run Creek (e = 0.66) in fall. Baetis was selected in Garvin Brook (e = 0.78), but avoided
in Beaver Creek(e = �0.56), Daley Creek (e = �0.63), Gribben Creek (e = �0.53), and Trout Run
Creek (e = �0.82). Elmid beetles were avoided in all streams where they occurred during all, includ-
ing Beaver Creek, Garvin Brook, and Gribben Creek (all streams e = �1.0).

When all taxa were combined, mean electivity (eÞ of drift differed significantly among streams dur-
ing fall, and ranged from 0.23 in Garvin Brook to 0.70 in Trout Run Creek (H = 12.1, d.f. = 4, p = 0.02).
Mean electivity (eÞ of benthos did not vary significantly among streams (H = 3.8, d.f. = 4, p = 0.43).
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Prey electivity by stream
Mean electivity (e) of benthic and drifting prey also varied significantly across streams for all seasons
combined (Figure 3). Electivity of drifting prey ranged from 0.51 in Garvin Brook to 0.72 in Gribben
Creek (H = 12.6, d.f. = 4, p = 0.01). Mean electivity ranged from 0.51 in Beaver Creek to 0.67 in
Daley Creek (H = 23.5, d.f. = 4, p < 0.01) for benthos (Figure 3).

Beaver Creek. In Beaver Creek, selection of Brachycentrus (a = 0.26, d.f. = 6, p < 0.01) and Phys-
ella (a = 0.35, d.f. = 6, p = 0.03) was significantly higher than neutral (1/m = 0.11), but selection of
Chironomidae (a = 0.03, d.f. = 7, p < 0.01), Simuliidae (a = 0.01, d.f. = 7, p < 0.01), and Baetis (a =
0.05, d.f. = 7, p < 0.01) was significantly lower (Table 5). Selection of Physella (a = 0.37, d.f. = 7, p =
0.03) in the benthos was significantly higher than neutral selection (1/m = 0.10), but Hydropsychi-
dae (a = 0.03, d.f. = 6, p < 0.01), Chironomidae (a = 0.08, d.f. = 6, p = 0.05), and Elmidae (a = 0.01,
d.f. = 7, p < 0.01) were avoided in Beaver Creek (Table 5).

Overall, mean electivity (e) of drifting prey was similar across seasons in Beaver Creek (H = 2.5,
d.f. = 3, p = 0.45), but electivity of benthos differed significantly, and ranged from 0.35 during spring
to 0.83 during winter (H = 13.9, d.f. = 3, p < 0.01).

Daley Creek. Brown trout selected drifting Gammarus in Daley Creek (a = 0.46, d.f. = 9, p <

0.01), but avoided Chironomidae (a = 0.07, d.f. = 5, p = 0.03), Simuliidae (a = 0.02, d.f. = 5, p <

0.01), Baetis (a = 0.05, d.f. = 7, p = 0.05), and Formicidae (a = 0.04, d.f. = 5, p < 0.01) when com-
pared to neutral feeding (1/m = 0.14) (Table 5). No benthic prey were positively selected; however,
brown trout in Daley Creek selected Baetis að = 0.01, d.f. = 9, p < 0.01) in the benthos significantly
less than neutral selection (1/m = 0.17) (Table 5).

Mean electivity (e) of brown trout of the drift (H = 3.6, d.f. = 3, p = 0.31) and benthos (H = 3.4,
d.f. = 3, p = 0.34), was similar across seasons in Daley Creek.

Figure 3. Mean electivity (e; §1 s.e.) of brown trout for benthos (H = 12.6, d.f. = 4, p = 0.01) and drift (H = 23.5, d.f. = 4, p< 0.01),
in five streams across southeastern Minnesota, 2011–2013.

664 J. L. COCHRAN-BIEDERMAN AND B. VONDRACEK



Garvin Brook. When compared to neutral feeding (1/m = 0.17), brown trout did not select drifting
Simuliidae in Garvin Brook (a = 0.03, d.f. = 9, p< 0.01) (Table 5). Brown trout favored Chironomidae
(a = 0.24, d.f. = 9, p = 0.05) in the benthos, but selection of Glossosoma (a = 0.04, d.f. = 8, p < 0.01)
and Elmidae (a = 0.02, d.f. = 9, p< 0.01) was significantly lower than neutral (1/m = 0.13) (Table 5).

Overall, mean electivity (e) of drifting prey varied significantly across seasons at Garvin Brook (H
= 8.7, d.f. = 3, p = 0.03), and ranged from 0.22 during fall to 0.56 during spring, but was similar for
benthos across seasons (H = 5.3, d.f. = 3, p = 0.15).

Gribben Creek. Selection toward Physella in the drift (a = 0.41, d.f. = 7, p = 0.03) by brown trout
in Gribben Creek was significantly higher than neutral feeding (1/m = 0.10), but Brachycentrus (a =
0.05, d.f. = 9, p < 0.01), Simuliidae (a = 0.01, d.f. = 10, p < 0.01), and Ephemerellidae (a = 0.0, d.f.
= 5, p < 0.01) were avoided (Table 5). Of benthic prey, brown trout in Gribben Creek selected Phys-
ella (a = 0.34, d.f. = 9, p < 0.01) and Limnephilidae (a = 0.44, d.f. = 3, p = 0.04) significantly higher
than neutral selection (1/m = 0.10), but Brachycentrus (a = 0.04, d.f. = 9, p < 0.01), Simuliidae (a =
0.02, d.f. = 8, p < 0.01), Baetis (a = 0.05, d.f. = 8, p < 0.01), and Ephemerellidae (a = 0.0, d.f. = 5, p
< 0.01) were avoided (Table 5).

Mean electivity (e) of drifting prey was similar across seasons at Gribben Creek (H = 2.6, d.f. = 3,
p = 0.45), but differed significantly for benthic prey (H = 11.0, d.f. = 3, p = 0.01), and ranged from
0.38 during summer to 0.79 during winter.

Trout Run Creek. Brown trout in Trout Run Creek selected drifting Brachycentrus (a = 0.34,
d.f. = 8, p = 0.03) and Physella (a = 0.60, d.f. = 5, p<0.01) significantly higher than neutral selection
(1/m = 0.14), but Chironomidae (a = 0.08, d.f. = 8, p = 0.02), Simuliidae (a = 0.01, d.f. = 9, p<0.01),
and Baetis (a = 0.03, d.f. = 8, p< 0.01) were avoided (Table 5). Brown trout positively selected Phys-
ella (a = 0.52, d.f. = 7, p < 0.01) in the benthos, but Hydroptilidae (a = 0.03, d.f. = 4, p < 0.01) and
Brachycentrus (a = 0.03, d.f. = 8, p < 0.01) were avoided when compared to neutral selection (1/m
= 0.14) (Table 5).

Table 5. Mean prey type selectivity (Manly-Chesson index, ai; SD) for brown trout from five streams in southeastern Minnesota,
2010–2013. Values significantly different (p < 0.05) from 1/m are indicated by ‘+’ for positive selection and ‘�”0 for negative selec-
tion; n is the number of independent sample dates.

Benthos Drift

Site 1/m Prey type a i Site 1/m Prey type a i

Beaver Creek 0.10 Hydropsychidae �0.03(0.03) Beaver Creek 0.11 Brachycentrus +0.26(0.21)
(n = 8) Chironomidae �0.08(0.03) (n = 8) Chironomidae �0.03(0.03)

Elmidae �0.01(0.02) Simuliidae �0.01(0.01)
Physella +0.34(0.37) Baetis �0.05(0.04)

Physella +0.35(0.28)
Daley Creek 0.17 Baetis �0.05(0.09) Daley Creek 0.14 Chironomidae �0.07(0.10)
(n = 10) (n = 10) Simuliidae �0.02(0.02)

Baetis �0.09(0.08)
Gammarus +0.46(0.29)
Formicidae �0.04(0.05)

Garvin Brook 0.13 Glossosoma �0.04(0.04) Garvin Brook 0.17 Simuliidae �0.03(0.05)
(n = 10) Chironomidae +0.24(0.20) (n = 10)

Elmidae �0.02(0.02)
Gribben Creek 0.10 Brachycentrus �0.04(0.06) Gribben Creek 0.10 Brachycentrus �0.05(0.04)
(n = 11) Limnephilidae +0.44(0.26) (n = 11) Simuliidae �0.01(0.03)

Simuliidae �0.02(0.02) Ephemerellidae �0.00(0.00)
Baetis �0.05(0.05) Physella +0.41(0.41)
Ephemerellidae �0.00(0.00)
Physella +0.34(0.23)

Trout Run Creek 0.14 Brachycentrus �0.03(0.02) Trout Run Creek 0.14 Brachycentrus +0.34(0.29)
(n = 10) Hydroptilidae �0.03(0.04) (n = 10) Chironomidae �0.08(0.08)

Physella +0.52(0.34) Simuliidae �0.01(0.01)
Baetis �0.03(0.03)
Physella +0.60(0.15)
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Mean electivity (e) was similar across all seasons at Trout Run Creek for drifting prey (H = 4.5, d.
f. = 3, p = 0.22) and benthos (H = 1.6, d.f. = 3, p = 0.66).

Selectivity: prey abundance and growth
Overall, there was a negative correlation between mean prey electivity (e) and mean proportional
abundance of prey (r2 = 23.3, F = 4.9, p = 0.04) across all sample sites and seasons; as the mean pro-
portion of prey increased, the mean electivity of prey decreased (Figure 4).

Seasonal prey selectivity and mean growth was only positively correlated in Daley Creek (p =
0.04) and Garvin Brook (p = 0.03) (Table 6).

Discussion

Broad patterns

We found broad variation in the composition and availability of aquatic macroinvertebrates assemb-
lages in the benthos and drift across streams in southeastern Minnesota, similar to other studies
(Troelstrup and Perry 1989; Waters 2000). Benthic and drifting macroinvertebrate assemblages were
dominated by relatively few taxa, which was not unexpected based on other studies (Steingr�ımsson

Figure 4. Relationship between mean proportion of total prey available and mean prey electivity across all sample dates, 2011–
2013, in five streams in southeastern Minnesota (r2 = 0.23, F = 4.9, p = 0.04).

Table 6. Linear regressions between mean daily growth of brown trout and mean prey selectivity on a seasonal basis among
streams and among seasons within each sample site.

Benthos Drift

b CI R2 p b CI R2 p

Among streams
Winter ¡0.14 0.06/1.77 0.25 0.39 0.12 0.56/0.36 0.17 0.49
Spring 0.15 ¡0.01/0.86 0.02 0.80 ¡0.87 0.30/0.71 0.25 0.39
Summer 0.13 ¡0.14/0.41 0.17 0.49 0.46 ¡0.72/0.63 0.31 0.32
Fall 0.17 0.19/0.71 0.50 0.18 0.03 ¡0.05/0.96 0.04 0.75
Within streams
Beaver Creek ¡0.20 ¡0.79/1.39 0.16 0.60 ¡0.63 0.41/1.09 0.59 0.52
Daley Creek 0.62 ¡3.41/3.00 0.13 0.64 1.64 ¡3.09/3.44 0.91 0.04�

Garvin Brook ¡0.04 ¡0.91/1.30 0.04 0.93 1.30 0.32/0.52 0.94 0.03�

Gribben Creek 2.01 ¡11.80/9.29 0.14 0.63 1.32 ¡0.55/2.98 0.77 0.12
Trout Run Creek ¡0.03 ¡0.82/1.00 0.01 0.90 ¡0.18 ¡0.58/0.95 0.21 0.54
�denotes significance (p < 0.05).
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and G�ıslason 2002; Kara and Alp 2005). However, despite the low richness of dominant taxa overall,
the proportional contributions of each varied among seasons and streams. The proportion of available
drift was highest in spring and lowest in winter, which mirrors the typical pattern for drift abundance
in temperate streams, where a spring maximum may be a function of higher discharge and increased
density of benthic macroinvertebrates (Hynes 1970). Garvin Brook also contained the highest relative
proportions of all benthos and drift collected; however, distributions of specific prey taxa varied widely
among streams. Seasonal distributions of benthic taxa also varied, with most taxa occurring in highest
proportional abundances during spring or summer. Overall, the greatest proportion of benthos was
collected in summer, and similar to drift, the least in winter.

The present study also found broad variation in the feeding patterns of brown trout on a seasonal
basis across several streams and demonstrated that prey selection was not proportional to the envi-
ronmental density of macroinvertebrates, similar to other studies (Sagar and Glova 1995; MacNeil
et al. 2000; Crespin De Billy and Usseglio�Polatera 2002). Brown trout are visual feeders, thus prey
preference and capture probability are likely influenced by the accessibility, size, color, mobility, and
degree of exposure of various prey types (Rader 1997; Crespin De Billy and Usseglio�Polatera
2002). Across all streams, brown trout favored Physella in the benthos and avoided Elmidae, Baetis,
and Brachycentrus, whereas selectivity of all other benthic prey was either neutral or not significant.
Electivity of prey may be related to size-selective predation or prey behavior. For example, other
studies documented avoidance of Baetis by brown trout, despite being active and abundant in many
streams (Mathooko 1996; Fochetti et al. 2003; S�anchez-Hern�andez and Cobo 2013). Baetis has been
documented to alter behavior in response to predation risk thereby reducing vulnerability to benthic
feeding fish, including brown trout (Kohler and McPeek 1989).

Selectivity (ai) of drift indicated that brown trout favored Physella, Gammarus, and Brachycen-
trus, but avoided Chironomidae and Simuliidae. The positive selection by brown trout for Gamma-
rus and Physella, and avoidance of Dipterans, is consistent with studies in other regions (Cada, Loar,
Sale 1987; Pender and Kwak 2002; Fochetti et al. 2003; Johnson et al. 2007; Sanchez-Hernandez et al.
2011), although Pender and Kwak (2002) found positive selection for Chironomidae among age-0
trout. Physella did not constitute a high proportion of either prey availability or prey consumed, but
brown trout consistently favored Physella in the benthos and drift. Physella is large-bodied and
more abundant than other aquatic mollusks in southeastern Minnesota, and are energetically rich
(5275 j/g; Cummins and Wuycheck 1971). Brown trout often display size selectivity, preferentially
feeding on large-bodied prey items (Newman and Waters 1984). Brown trout generally selected
against encased Brachycentrus larvae in the benthos, but demonstrated positive electivity toward
encased Limnephilidae larvae in both drift and benthos of streams where this taxon occurred. Pref-
erence toward Limnephilids may reflect size selectivity in the present study, as the mean size of Lim-
nephilidae individuals (12.5 mm) was substantially larger than Brachycentrus (6.8 mm). Other
studies in southeastern Minnesota reported that large-bodied Limnephilids also comprised a major-
ity of brown trout prey consumed by dry weight in winter (French et al. 2014; Anderson et al. 2016)
whereas small-bodied prey, including Glossosoma and Chironomidae, became increasingly abun-
dant in stomachs in late winter (French et al. 2014).

Seasonal and spatial patterns

Gammarus was a dominant aquatic invertebrate taxon among drift in southeastern Minnesota, and
Waters (1972) and Newman and Waters (1984) found positive selection of Gammarus by brown
trout throughout the year. Overall, Gammarus was a favored drifting macroinvertebrate taxon in
our study; however, availability varied among streams and seasons. Low water temperature in winter
does not correlate with a reduction in Gammarus, and brown trout demonstrated selection for this
taxon in winter in Minnesota (Newman and Waters 1984; French et al. 2014; Anderson et al. 2016)
and in other regions (Bridcut and Giller 1995). In the present study, brown trout ingested Gamma-
rus from the benthos and drift during winter in streams where this taxon occurred, but positive
selection toward Gammarus was only significant during spring and summer.
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Chironomidae were common in brown trout stomachs during all seasons and in most streams.
Chironomidae comprised the largest proportion of drifting prey in all streams and overall, and was
among the two most dominant benthic prey taxa. However, brown trout did not select Chironomi-
dae in the benthos and drift, except in Garvin Brook. Relative to other aquatic macroinvertebrate
taxa, Chironomidae are small-bodied, and although widely abundant, may be avoided by brown
trout in favor of larger, more conspicuous prey. In Garvin Brook, the highest electivity for Chirono-
midae occurred in winter, when Diamesa mendotae can account for up to 75% of all Chironomidae
available, and approximately 15% of all benthos (Jane Mazack, unpublished data). D. mendotae is
among the largest Chironomid larvae available to brown trout in winter (mean length � 8�12 mm)
(Anderson et al. 2016), and brown trout positively selected for D. mendotae in two of three streams
studied, including Beaver Creek, in winter (Anderson et al. 2016). The caloric value provided by D.
mendotae and other winter-emerging Chironomids may benefit populations by providing energy in
winter when abundances of other aquatic invertebrate taxa are low. Stable isotope analysis has pro-
vided evidence that Chironomids are among the most important contributors toward brown trout
growth in winter in southeastern Minnesota (French et al. 2014), and even a marginal contribution
of Chironomidae to brown trout diets in winter may significantly influence annual growth rates
(Anderson et al. 2016). Climate change may reduce abundances of D. mendotae in southeastern
Minnesota in winter (Anderson 2012), thus brown trout may face consequences that include lower
rates of growth and survival in winter, especially because other benthic macroinvertebrate taxa are
generally lower in winter.

Foraging strategies: drift vs. benthic selection

Trout are opportunistic generalists throughout the year (Lord 1933; Maciolek and Needham 1952;
Reimers 1957; Cunjak and Power 1987; Ozvarol et al. 2011), and other studies emphasize the impor-
tance of drifting prey to the trout diet, including a widely cited study that emphasized brown trout
taking less than 15% of their prey from the benthos (Bachman 1984). However, numerous studies of
prey selection demonstrate that brown trout foraging strategies (drift-feeding vs. epibenthic feeding)
vary seasonally and spatially. Waters (1972) emphasized that there is no distinct drift fauna, but
rather, benthic invertebrates enter the drift due to several abiotic and biotic factors. Overall, drift
represents a mixture of drift densities, which depends on the species present in the benthos, and
their propensity to drift. Therefore, assessing diet selectivity from field data when the same prey can
be selected from the water column or substratum is not often feasible without direct underwater
observations. However, we were able to infer patterns in foraging modes by separately assessing the
selectivity of benthos and drift. On a seasonal basis, brown trout demonstrated higher selectivity of
drift, and were less selective for benthos in all seasons, except fall. This pattern was especially promi-
nent in summer, when benthic prey types were not selected and availability of benthic macroinverte-
brates and drift was highest (Cochran-Biederman 2015). Positive electivity for Brachycentrus in the
drift was an exception to a generally observed pattern, but coincided with documented peaks in
annual pupal density (June and July), larval size (June and early July), and larval drift (August and
September) (Krueger and Cook 1984).

Our study suggests that brown trout select drifting taxa in summer, and that epibenthic feeding is
important in all streams, and especially in winter, as observed by other studies in our region (Ander-
son 2012; French 2014), and elsewhere (Cunjak and Power 1987). Additionally, the consistent pref-
erence and consumption of gastropods also supports a benthic mode of feeding, which has been
observed in salmonids of subarctic rivers (Brittain and Eikeland 1988; Amundsen et al. 1999;
Steingr�ımsson and G�ıslason 2002; Johnson et al. 2007).

An explanation for the higher degree of selectivity of drift relative to benthos may be that brown
trout are predominately feeding epibenthically, whereby our electivity analyses using drift may not
actually represent prey from the water column. Epibenthic feeding varies widely among trout popu-
lations, and seasonal or spatial differences in drift density or availability of actively drifting versus
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less-mobile prey may influence which feeding mode is dominant. Other studies have shown that sal-
monids feed on benthos when drift was depleted (Nislow et al. 1998; Nakano et al. 1999) and that
brown trout were more likely to feed on benthos when less-mobile prey types were abundant (McIn-
tosh and Townsend 1995). Fausch et al. (1997) found an adaptive shift from drift to epibenthic feed-
ing in dolly varden (Salvelinus malma) as drift was experimentally reduced.

Numerous studies have identified a positive selection by brown trout for terrestrial insects (see
review by Hunt and Krokhin 1975), but not in the present study. Terrestrial macroinvertebrates
may not contribute a large proportion of total drift or diet of brown trout, compared to other
regions, where terrestrial inputs contributed up to 53% of stream drift and 82% of brown trout diet
(Dahl 1998). Laudon et al. (2005) found brown trout in Valley Creek, Minnesota exhibited neutral
selection for terrestrial prey in summer, which only comprised 3% of all available drift and diet. Sim-
ilarly, we found on a few notable occasions, stomachs contained high proportions of terrestrial prey
in response to a temporary spike in availability (e.g. ants and aphids following a significant rainfall
event in summer, and Chironomidae during a large emergence in late spring) that may not have
been reflected in our broad comparisons of electivity due to a low frequency of these events relative
to the number of sampling events.

Our sampling typically included smaller brown trout (100–300 mm in TL; age-0 – 2+), which may
feed epibenthically to evade predation, especially in winter when drift rates are lowest and there are
fewer terrestrial and emerging aquatic insects (Grant 1999). This pattern was also evident in other
winter studies of brown trout diet in southeastern Minnesota (Anderson et al. 2016; French 2014;
French et al. 2014), and for salmonids in other regions where nocturnal benthic feeding in winter was
attributed to lower capture efficiency of drift because of reduced light from ice cover, elevated turbid-
ity, lower drift rates, and avoidance of predators (Tippets and Moyle 1978; Cunjak and Power 1986;
Jørgensen and Jobling 1992; Heggenes et al. 1993; Fraser and Metcalfe 1997; Johansen et al. 2010).

We found brown trout selected large-bodied taxa in winter and tended to avoid small-bodied
taxa. Larger prey may be more obvious and susceptible to capture by visual predators, such as brown
trout. Selectivity in winter may be because of prey accessibility, reflecting a reduced ability to see and
capture smaller prey items, and not necessarily that the brown trout are actively avoiding these prey.
However, Chironomids comprised over half of all stomach contents in much of the year, including
winter, but were the most abundant benthic and drifting prey type in all streams. Thus, the abun-
dance of Chironomidae in the environment may result in a high occurrence of incidental or acciden-
tal consumption.

Associations of selectivity with growth and prey abundance

Stable isotope analysis of brown trout diets in southeastern Minnesota provided evidence that the
dominant prey taxa observed in stomach contents also contributed toward growth (French et al.
2014). Overall, prey resources in all streams and seasons appeared to be abundant and available.
There was substantial variation in diet, prey, and patterns of selectivity on a seasonal and spatial
basis, but the majority of prey available in the environment and consumed were represented by rela-
tively few taxa. Feeding was likely shaped by a generalist or opportunist strategy that reflects site-
specific prey abundance and accessibility or size.

Mean instantaneous growth of brown trout and mean prey selectivity were not correlated on a
seasonal basis across streams, but growth increased significantly with selectivity of drift in Daley
Creek. In Daley Creek, brown trout consistently selected and consumed Physella, the most energeti-
cally-rich of all prey available, and Gammarus, which has been positively correlated with brown
trout biomass in southeastern Minnesota (Kwak 1993). Daley Creek contained the fastest growing
brown trout and the highest abundance of Gammarus and proportion of drifting Chironomids in
our study (Cochran-Biederman 2015). Overall selectivity was highest in Daley Creek in winter and
spring when »70% of annual fish growth occurred.
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A potential limitation of the present study is that brown trout stomach samples were taken at var-
iable times of the day between early morning and early evening, therefore, observed diets may not
have accurately represented feeding over a 24-hour period. For example, fish could have selected
certain prey taxa in the sampling period, but the stomach contents may have been dominated by
other macroinvertebrates consumed earlier in the day, perhaps relative to diel patterns in macroin-
vertebrate activity. Few of the prey taxa in this study were of terrestrial origin, however, if sampling
occurred before terrestrial drift peaked (Elliott 1970), these taxa may have been under-represented.
In addition, the present study did not account for variation in prey size or potential differences in
selectivity among brown trout of varying sizes and/or ages. Although some studies report an ontoge-
netic shift toward larger prey among older salmonids (e.g. Steingr�ımsson and G�ıslason 2002; Mon-
tori et al. 2006; S�anchez-Hern�andez Cobo 2013; S�anchez-Hern�andez et al. 2013), others have not
found consistent correlations between prey size and fish length or age of brown trout (S�anchez-
Hern�andez and Cobo 2015), and no relationship between gape size and prey ingestion (Newman
1987; Rinc�on and Lob�on-Cervi�a 1999). S�anchez-Hern�andez and Cobo (2015) postulated that the
lack of relationship might have been due to sampling predominately brown trout <300 mm in total
length. Similarly, we collected relatively few brown trout >300 mm in total length, suggesting that
size-selectivity may not have been a factor shaping patterns in prey electivity in our study.

Conclusion

We found macroinvertebrate assemblages and prey preference varied significantly across time and
space, but only a few taxa represented a majority of prey selected. In general, brown trout selected
large-bodied, energy-rich benthic prey over other more abundant aquatic macroinvertebrate taxa and
drifting prey. Although analyses of stomach contents revealed that brown trout diets typically reflected
prey that were most abundant in the environment, the selection of energy-dense benthic prey taxa,
and the possible consequences for growth, warrants future study with bioenergetics modeling.

We provide information about the foraging patterns of brown trout, which could be useful in
helping fisheries managers identify and manage key macroinvertebrate taxa on a year-round basis.
In addition, this detailed knowledge about the preferences of brown trout and composition of
aquatic macroinvertebrate communities can be combined with life history data and bioenergetics
modeling to predict the future consequences of climate change on trophic structures in groundwa-
ter-dominated streams in southeastern Minnesota.
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