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Abstract Disturbances caused by rainfall are common
in streams with the impact on stream inhabitants
determined by the frequency, intensity, and predictability
of the event. Here, we examine the response of winter-
emerging Chironomidae (Diptera) to extreme flooding
disturbance. In August of 2007, a severe flood impacted
southeastern Minnesota, imparting stress on aquatic
communities. Chironomid pupal exuviae collections
were obtained biweekly from 18 southeast Minnesota
streams during the following winter to assess resistance
and resilience of winter-active chironomids to flooding.
Streams examined were divided into moderate (2.5-10
cm), heavy (10-20 cm), or extreme (204 cm) rainfall
categories with rainfall amounts in each category repre-
senting total precipitation during the 3-day storm.
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Post-flood samples were compared to samples obtained
from the same localities during prior winters. Our
findings contradict studies of responses by Chironomidae
to flooding during warmer-water conditions and show
that winter-emerging Chironomidae are resistant to stress
imposed by summer spates. Significantly more taxa
emerged during winter after flooding as compared to
historic collections, and the number of species emerging
in winter was positively correlated with rainfall severity,
indicating that 15 species responded opportunistically to
disturbance. This indicates that winter-active Chironom-
idae may be resistant to increased severity of summer
spates associated with climate change predictions.
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Introduction

In environments that are constantly in a state of flux,
such as stream systems, disturbances are best defined as
events whose frequency and intensity falls outside of an
otherwise predictable range (Resh et al., 1988). Distur-
bances caused by severe rainfall are common in streams
and can have severe short-term consequences on the
organisms living within these systems. The resulting
impact on stream inhabitants is determined by the
frequency, intensity, extent, and predictability of a
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particular disturbance event (Sousa, 1984; Resh et al.,
1988; Grimm & Fisher, 1989; Townsend et al., 1997).
Global climate warming is accelerating evaporation
rates worldwide; this extra water vapor that is added to
the atmosphere is among the key drivers necessary to
fuel intense storm events (Madsen & Willcox, 2012).
Across the contiguous United States, extreme precip-
itation events that are among the largest experienced at
a specific location are occurring 30% more often now
as compared to 1948 (Madsen & Willcox, 2012).
Other recent climate change predictions suggest that
Central North America will undergo a 3% increase in
mean annual precipitation (Christensen et al., 2007)
and, perhaps more importantly, an increase in the
intensity of individual precipitation events (Trenberth
et al., 2007, Madsen & Willcox, 2012). Specifically,
over the last 65 years, precipitation intensity has
increased by 10% nationwide (Madsen & Willcox,
2012). Consequently, we can expect more precipita-
tion-related disturbances to impact stream communi-
ties. This type of disturbance directly modifies flow
regimes of rivers and streams and can cause increased
amounts of sedimentation and streambed scouring
with many studies indicating significant changes in
species density, richness, and composition (e.g.,
Fisher et al., 1982; Miller & Golladay, 1996; Matthaei
et al., 2000; McCabe & Gotelli, 2000; Suren & Jowett,
2006). Furthermore, disturbances experienced during
one season may impact the recovery, diversity, and
abundance of organisms active in subsequent seasons.
The consequences of disturbance to streams are often
measured by assessing the resistance and resilience of
stream biota, which are interpreted in the context of the
ecological stability of the disturbed system (Grimm &
Fisher, 1989; Boulton et al., 1992). Organisms that are
resistant to a particular disturbance have the ability to
absorb or deflect the effects of the disturbance with very
minimal changes in density (Fig. 1a). Resilient organ-
isms, by contrast, initially exhibit dramatic declines in
density; however, are able to quickly recover to pre-
disturbance levels (Fig. 1b). Some species may have
both low resistance and resilience (Fig. 1c) and are
either slow or unable to recover. In addition to resistant
or resilient response trajectories, we propose that some
species of Chironomidae (Insecta: Diptera), represent an
opportunistic response to high levels of disturbance
associated with flooding. By our definition, opportunis-
tic taxa quickly become abundant following a distur-
bance due to the new environmental conditions
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Fig. 1 Potential responses to disturbance. (a) Community exhib-
iting high resistance following a disturbance. (b) Community
exhibiting low resistance and high resilience. (c) Community
exhibiting low resistance and low resilience. (d) Opportunistic
community that is able to become abundant following disturbance

(Fig. 1d), thereby influencing the short-term seasonal
trajectory of recovery. These taxa may later exhibit
declines after competitively superior, but less resilient,
taxa are able to recolonize.

Several studies have examined the resistance and
resilience of the aquatic community to severe floods
during spring, summer, and fall (e.g. Fisher et al,,
1982; Mackay, 1992; Miller & Golladay, 1996; Hax &
Golladay, 1998; Gendron & Laville, 2000; Melo et al.,
2003; Dodds et al., 2004; Fritz & Dodds, 2004). While
initially imparting severe reductions in taxa abun-
dance and richness following devastating floods,
stream communities typically exhibit high levels of
resilience, with populations often rebounding within
days or weeks of the disturbance (Reice, 1985). For
example, a study examining the effects of flooding on
prairie streams found low resistance (90% decreases in
total density) of the benthic community, but a high
degree of resilience, especially by Chironomidae, over
subsequent seasons (Miller & Golladay, 1996). This
short recovery period may be facilitated by the high
fecundity exhibited by most macroinvertebrates
(Reice, 1985), rapid recolonization by species living
in suboptimal areas such as the hyperheos (Reice,
1985; Gendron & Laville, 2000), or recolonization
by individuals that were able to take advantage
of sheltered refuges such as backwaters (Reice,
1985), downstream drift (Fisher et al., 1982; Gendron
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& Laville, 2000), or aerial dispersal (Fisher et al.,
1982). While this strong research base documents
effects of disturbance on the macroinvertebrate com-
munity during warmer seasons, there is little docu-
mentation of the effects of seasonal disturbances
during spring or summer on winter active aquatic
invertebrate populations, such as certain species of
Chironomidae, which characterize streams of higher
latitudes.

The Chironomidae play a particularly important
role in stream dynamics. They typically comprise over
50% of aquatic insects within a stream system
(Coffman & Ferrington, 1996), are among the most
species-rich of aquatic insect families (Ferrington,
2008), and are a major protein source and thereby
promote the growth of stream fish (Armitage, 1995b).
Chironomidae are also unique in that they are among
the few aquatic insect families in which several
species emerge from streams and are active as adults
during the cold winter months that characterize the
Midwestern United States (e.g., Ferrington, 2000;
Ferrington, 2007; Bouchard & Ferrington, 20009;
Anderson et al., 2011). Species within the subfamilies
Orthocladiinae and Diamesinae, as well as a limited
number of species in the Chironominae tribe Tany-
tarsini, are the primary constituents of the winter
chironomid community in temperate streams and
rivers (Ferrington, 2000; Ferrington, 2007; Bouchard

& Ferrington, 2008; Eggermont & Heiri, 2012). Some
species show very specialized adaptations to cold,
such as adults of Diamesa mendotae (Muttkowski),
which have the ability to survive air temperature less
than —20°C via freezing point depression (Carrillo
et al., 2004; Bouchard et al., 2006). Over 50 Chiro-
nomidae species have been shown to emerge within
different water temperature ranges from Kansas
streams during winter months (Ferrington, 2000) and
in this study we show that 39 species emerge from
groundwater dominated trout streams in southeastern
Minnesota during winter (Table 1) when ambient
water temperatures do not exceed 8°C.

In August of 2007, a large area of southeastern
Minnesota experienced extreme flooding (Fig. 2),
with some areas receiving over 38 cm of rainfall in a
24-h period, far surpassing the state’s previous 24-h
record rainfall total of 27 cm (Minnesota State
Climatology Office, 2008). This late-summer spate
imposed varying degrees of severe stress (e.g. stream
bed scouring, siltation, increased runoff) on aquatic
communities inhabiting the numerous economically
important trout streams characterizing the area. High-
quality historic data, dating back to 2002, of the
winter-emerging Chironomidae in southeast Minne-
sota trout streams provided us with the opportunity to
evaluate the effects of this late summer flood on the
resistance, resilience, and response trajectory of

Fig. 2 Southeastern
Minnesota Trout streams
sampled for Chironomidae.
Streams sampled were
divided into three rainfall
categories. Actual rainfall
totals for the area are
depicted in the map inset on
the top right (Rainfall totals e
inset modified from il
Minnesota State
Climatology Office, 2008)
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winter-emerging Chironomidae. Specifically, we test
the null hypothesis that there is no difference in
chironomid species density pre- and post-flood, nor
any difference in chironomid richness between
streams impacted at different levels.

Materials and methods
Study area

Southeast Minnesota, USA is surrounded, but virtually
untouched, by the effects of the last glaciation
(Waters, 1977). This lack of glacial activity accounts
for the unique landscape that distinguishes the area.
The region is characterized by steep limestone bluffs,
sandstone valleys, and an array of 188 spring-fed trout
streams that comprise a total of 788 stream miles
(Dieterman & Merten, 2003). Winter water tempera-
tures typically range from 2 to 8°C with most streams
exhibiting a temperature around 4°C.

Eighteen trout streams in southeastern Minnesota
with long-term chironomid winter-emergence data
were selected for study. Streams were chosen to
include multiple representatives of three rainfall
categories: extreme (204 cm) (N = 6 streams),
heavy (10-20 cm) (N = 5 streams), and moderate
(2.5-10 cm) (N = 7 streams) amounts of rainfall
(Fig. 2); each rainfall category represents total pre-
cipitation received during the 3-day storm (18-20
August, 2007). Rainfall data were obtained from the
Minnesota State Climatology Office.

Field and lab methodology

Samples of chironomid pupal exuviae, the surface-
floating cast-skins left behind by recently emerged
adults, were collected biweekly from each stream from
December 2007 to March 2008, following methods of
Ferrington et al. (1991), yielding a total of 108 samples
from the 18 streams over the 3-month period. Briefly,
pupal exuviae were collected from multiple areas of
known accumulation (e.g., areas of the stream con-
taining foam or debris buildup) by scooping exuviae,
debris, and water into a white enamel pan and pouring
all contents through a 125-pum sieve. This procedure
was repeated for 10 min, starting at the downstream
end of each sample site and working upstream for a
total distance of approximately 100 m. All scoops
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from an individual stream and sample date were
pooled into a single sample. An important benefit of
using pupal exuviae is that this technique provides
estimates of individuals that were able to successfully
survive all immature stages and emerge as adults. In
addition, because collections are made from “natural”
areas of accumulation within a stream reach, this
method allows evaluation of individuals originating
from a wide variety of larval habitats that might be
missed with other sampling methods.

All pupal exuviae were preserved in the field using
70% ethanol and later sorted in the lab under 12x
magnification to insure accurate quantification of
small to large species. When available, three repre-
sentatives of every taxon represented in each sample
were slide mounted in Euparal® for species-level
identification. Genus-level identification was achieved
using Wiederholm (1986) or Ferrington et al. (2008)
and species level identification was accomplished with
reference to the most recent revision available for each
genus. Slide-mounted voucher specimens are located
in the chironomid collection at the University of
Minnesota Insect Collection in St. Paul, MN (UMSP).

Historic collections

Between one and six collections of pupal exuviae were
made during winter by the second author in each of the
eighteen study streams between 2002 and 2007 with a
cumulative total of 40 samples collected historically
across the eighteen streams. All sampling techniques
and sampling localities were identical to those of the
post-flood collections. Species identification informa-
tion from the historic collections is restricted to
presence-absence data, as abundance information is
not available for all historic samples.

Data analysis

A variety of numerical analysis methods were used to
assess the response of winter-emerging Chironomidae
to this severe flood event. In our analyses, we test the
null hypothesis that there is no difference in chiron-
omid species density pre- and post-flood, nor any
difference in chironomid richness between streams
impacted at different levels. Statistical programs used
were Number Cruncher Statistical Software (NCSS)
(Hintze, 2001), JMP Pro 9.0.2, and R (version 2.14.2).
First, considering that many of the sites in each



Hydrobiologia (2013) 707:59-71

63

rainfall category are clustered in space (Fig. 2), we
tested for any possible effects of geographic location
for the historic samples. Sample localities were
lumped into four categories based on latitude and
analyzed by one-way analysis of variance (ANOVA)
with the total number of chironomid taxa as the
response variable. One-way ANOVA was also used to
verify that historic samples were not significantly
different from each other when grouping samples by
rainfall category, again, using total number of taxa as
the response. In order to evaluate whether post-
flood taxonomic sample density of winter-emerging
Chironomidae differed from historic sample density
values for streams in each of the three rainfall
categories, we chose to analyze the data by a2 x 3
level two-way ANOVA (o = 0.05); sample density
for each historic and post-flood sample was assessed
and included in this analysis. The numbers of taxa
emerging per sample date were not normally distrib-
uted, but closely approximated a Poisson distribution.
Thus, data were transformed by adding 0.5 to the
count and subsequently taking the square root. Means
were then back-calculated to yield values reported
here. Analysis of Variance was followed with a
Tukey—Kramer Multiple Comparison Test.

Linear regression was used to analyze the relation-
ship between actual rainfall amount incurred during
the 3-day flood and the average number of taxa
collected per stream in historic and post-flood sam-
ples. This analysis included data from the 40 post-
flood sampling events that matched closest temporally
to the 40 historic sampling occasions. Degree-day data
were not available for comparison of pre- and post-
flood sample sites, consequently we chose to match
our samples by the nearest calendar date for the
temporal comparisons; while we recognize that there
are limitations with this method, we believe it is the
best option given the data available.

Non-metric multidimensional scaling (NMDS) was
used to assess similarity among sites based on pre- and
post-flood data for temporally comparable sample
dates. Post-flood patterns were also evaluated sepa-
rately based on rainfall intensity and included data for
all 108 post-flood samples. For both analyses, the
NCSS NMDS software was set to create similarities
based on presence/absence data for all taxa. Initial
configuration was set to use a random starting config-
uration with 50 iterations and the default values for
minimum stress, minimum stress change, and

minimum gradient sum. Considering that we achieved
stress values less than 0.10, which corresponds to a
good ordination with little risk of drawing false
interpretations (Clarke, 1993), we constrained our
analysis to two dimensions. NMDS maps were saved
as figures.

Individual-based rarefaction curves were generated
by means of the vegan package (Oksanen et al., 2012)
in R version 2.14.2 to assess differences in expected
generic richness for a given number of randomly
drawn individuals from the Moderate, Heavy, and
Extreme rainfall categories. Since abundance data
were not available for historic collections, only post-
flood data are presented here. Data from all samples
and streams within a particular rainfall category were
pooled to develop seasonal richness estimates specific
for each category. Considering that only a subset of all
species collected in a sample could be consistently and
accurately identified to species level, we chose to
constrain the resolution of our abundance data to the
generic level for this richness assessment; all other
analyses were conducted with species level data.

Results

A total of 20 species in 14 genera were collected in the
40 historic samples, while 29 taxa in 14 genera were
collected in the 40 post-flood collections that were
temporally closest to the day and month of each
historic sample. A cumulative total of 39 taxa within
20 genera were collected across all 108 post-flood
samples (Table 1). Of the 39 taxa collected post-flood,
26 were within the subfamily Orthocladiinae
(Table 1). Only two taxa, Diplocladius cultriger and
Tvetenia sp. 2, were unique to historic collections;
conversely, 15 taxa were unique to post-flood collec-
tions. The most common and abundant taxon in both
historic and post-flood collections was Diamesa sp.
Species within the genera Orthocladius and Microp-
sectra were also quite common.

One-way ANOVA indicated no significant differ-
ence in the number of taxa detected when comparing
historic samples grouped into either latitudinal
(F339 =238, P =0.086) or rainfall categories
(Fp39 = 2.16, P = 0.129). Two-way ANOVA found
a significant effect when examining the number of taxa
collected in historic versus post-flood collections with
historic samples (N = 40) significantly different than

@ Springer



64

Hydrobiologia (2013) 707:59-71

Table 1 List of the 39 chironomid taxa emerging in southeast
Minnesota groundwater dominated streams and percent of
streams in which they occurred by rainfall category post-flood
event

Taxa Percent of streams in each
rainfall category with taxon

Moderate Heavy Extreme

Orthocladiinae
Orthocladius (Orthocladius) 86 80 100
[frigidus
Orthocladius (Orthocladius) 100 60 100
obumbratus
Orthocladius 100 80 50
(Euorthocladius) rivulorum
Cricotopus triannulatus 71 60 50
Tvetenia sp. 1 57 60 50
Parakiefferiella sp. 3 29 40 67
Orthocladius (Orthocladius) 14 40 50
manitobensis
Orthocladius 43 20 17
(Euorthocladius) rivicola
Orthocladius (Orthocladius) 14 40 17
mallochi
Eukiefferiella claripennis 14 20 33
Eukiefferiella ilkleyensis® 0 40 17
Parametriocnemus sp. 1 0 20 33
Cricotopus tremulus 0 20 17
Heterotrissocladius 0 20 17
marcidus gr.*
Orthocladius(Orthocladius) 0 20 17
vaillanti
Chaetocladius piger gr., sp. 2 0 0 33
Orthocladius sp. 1 14 0 17
Cricotopus annulator 0 20 0
Cricotopus sp. 4 0 20 0
Brillia retifinis® 0 0 17
Chaetocladius 0 17
dentiforceps gr.
Cricotopus near tremulus 0 17
Eukiefferiella potthasti® 0 0 17
Thienemanniella sp. 1 0 0 17
Corynoneura sp. 1* 14 0 0
Cricotopus trifascia 14 0 0
Prodiamesinae
Odontomesa fulva 57 60 83
Prodiamesa olivacea® 14 0 17
Diamesinae
Diamesa sp. 100 100 100
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Table 1 continued

Taxa Percent of streams in each
rainfall category with taxon

Moderate Heavy Extreme

Chironomini
Dicrotendipes fumidus® 0 0 17
Polypedilum trigonus ca.® 14 0 0
Tanytarsini
Micropsectra nigripila® 14 80 83
Micropsectra sp. 3AA 100 40 17
Micropsectra polita® 14 20 50
Micropsectra apposita® 0 20 17
Rheotanytarsus 0 20 0
distinctissimus®
Tanytarsus nearcticus® 0 20 0
Micropsectra attenuata® 0 0 17
Tanypodinae
Zavrelimyia sinuosa® 0 0 17
# of common taxa (present in 9 12 14
at least 30% of streams in
category)
# of unique taxa (present 3 4 8
only within specific
category)
Total # of taxa 20 25 31

Taxa not reliably identifiable to species were compared to and
made synonymous with those in Bouchard (2007)

# Taxa unique to samples collected post-flood

that in post-flood collections (N = 108) (Fy 147 =
371.92, P = 0.0023). Post-flood collections exhibited
an average of 2.05 more taxa per sample than historic
collections. Similarly, this test found a significant
effect when examining differences between rainfall
categories (F5, 147 = 9.66, P = 0.0027). A Tukey-
Kramer Multiple Comparison Test indicated that all
rainfall categories were significantly different from
one another with the Extreme rainfall category having
2.6 more taxa than the Moderate category, and 0.9 more
taxa than the Heavy category, and the Heavy rainfall
category having 1.6 more taxa than the Moderate
rainfall category. No interaction was detected between
the collection period and rainfall category (F5 147 =
0.01, P = 0.985).

Linear regression models indicated that in post-flood
collections, the average number of taxa collected per
sample per stream as a function of total rainfall amount
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Fig. 3 Linear regression of average number of taxa collected
per stream by rainfall amount. Points were jittered horizontally
and vertically to overcome complete overlap. Linear regression
analysis indicated a significant response in post-flood collec-
tions, indicating that the average number of taxa collected/
stream/sample is positively correlated with rainfall (R* =
0.259; P = 0.031). No trend was apparent in historic collections
(R* = 0.040; P = 0.425)

indicated a trend of increasing number of taxa with
increasing rainfall (R = 0259, P =0.031). His-
toric collections, conversely, indicated no significant
differences in taxa collected among the same streams
during non-flood years (R* = 0.040, P = 0.425)
(Fig. 3). The trend of increasing taxa with increasing
rainfall in post-flood collections is also quite apparent in
Table 1 when examining the comprehensive list of taxa
collected in each rainfall category, with 20 taxa found in
streams receiving moderate rainfall, 25 taxa in those
receiving heavy rainfall, and a total of 31 taxa collected
in streams receiving extreme amounts of rainfall
(Table 1). Table 2 shows a similar trend when compar-
ing average taxa collected per sample post-flood as
compared to pre-flood.

Differences among streams based on historic data
were primarily captured on the Dimension 1 axis of the
NMDS (Fig. 4a, stress = 0.075), where we plot samples
in species space, reflecting the date-to-date differences in
emergence of the smaller number of taxa pre-flood. By
contrast, post-flood samples exhibited not only the date-
to-date separation on Dimension 1 but also exhibited
greater separation of streams along Dimension 2 with the
streams that had a higher incidence of opportunistic taxa
(e.g., Brillia retifinis, Corynoneura sp., Eukiefferiella
spp., Dicrotendipes fumidus, Polypedilum sp., Microp-
sectra spp., Rheotanytarsus distinctissimus, Tanytarsus
nearcticus, Zavrelimyia sinuosa) being much more
strongly differentiated in this dimension. The influence
of opportunistic taxa is also illustrated in Fig. 4b

Table 2 Number of taxa collected per stream and average per
sample (in parentheses) in historic and post-flood collections
across rainfall categories

Category/stream Historic Post-flood
Moderate
Gilbertson Stream 3 (3.0 2 (1.5)
Trout Brook 6 (6.0) 2 (2.0)
Brown’s Creek 4 (0.9) 4 (1.8)
Mill Stream 6 (1.5) 52.2)
Hay Creek 7 (5.3) 7 (4.0)
Valley Creek 6 (1.5) 8 (3.6)
Vermillion River 2 (2.0) 11(3.2)
Mean 4.9 (2.9) 5.6 (2.6)
Heavy
Duschee Creek 2 (2.0) 2 (1.5)
Trout Valley Creek 1(1.0) 3 (3.0
Winnebago Creek 3 (3.0 4 (4.0)
S. Branch Root River 4 (4.0 8 (8.0)
Gribben Creek 2 (2.0) 11 (11.0)
Mean 24 (24) 5.6 (5.5)
Extreme
Beaver Creek 1(1.0) 4 (4.0)
Garvin Brook 4 (4.0 6 (3.95)
Swede Bottom 4 (4.0) 6 (6.0)
N. Branch Whitewater River 3 (3.0 7 (7.0)
Badger Creek 6 (6.0) 8 (8.0)
Crooked Creek 2 (2.0) 10 (10.0)
Mean 33 (3.3) 6.8 (6.4)

(stress = 0.086), where we plot streams in species
space, coded by rainfall categories. Most streams with
moderate amounts of rainfall occur near the middle of the
NMDS plot and streams with heavy and extreme rainfall
more strongly separated by both axes.

Rarefaction curves of chironomid generic richness
also indicated clear separation between rainfall cate-
gories with the Extreme category exhibiting the highest
taxa richness estimates with increasing sample size.
Streams within the Heavy category exhibited interme-
diate richness values, while generic richness was
lowest in the Moderate rainfall category (Fig. 5). For
example, based on a subsample of 1,000 individuals,
sites within the Extreme category have an expected
generic richness of 14.0 (SE = 1.2), while those in the
Heavy or Moderate categories have expected values of
11.0 (SE = .98) and 9.6 (SE = 1.1), respectively.
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Fig. 4 Non-metric multidimensional scaling maps of similarity
among historic and post-flood data. (a) Comparison of historic
(open circles)y and post-flood (filled circles) data
(stress = 0.075). (b) Comparison of rainfall categories using
data from all post-flood samples. Open circles represent streams
from the “moderate” category, gray circles represent the
“heavy” category, and black circles represent streams from the
“extreme” rainfall category (stress = 0.086)

Discussion

Our results indicate that winter-emerging Chironom-
idae exhibited high resistance to late summer flooding
and were not negatively impacted by severe flooding
during the preceding summer season as demonstrated
by the higher number of taxa in post-flood samples. As
mentioned, abundance data were not available for
historic samples, which restricted the use of taxa
richness estimates to post-flood data. This constrained
all comparisons made between historic and post-flood
data to comparisons of species density. We recognize
that there are shortcomings with this type of compar-
ison, especially considering the tendency for more
abundant samples to have a higher density of species
(McCabe & Gotelli, 2000; Gotelli & Colwell, 2011).
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Fig. 5 Rarefaction curves of the pooled samples within
“moderate,” “heavy,” and “extreme” rainfall categories. Each
curve shows expected Chironomidae generic richness for a
given number of randomly sampled individuals

However, we believe that the consistency found in the
results of all analyses used to compare historic and
post-flood sites, combined with the pattern of richness
results in the post-flood dataset, provide a strong case
in support of the conclusion that we have detected a
true increase in the number of winter-emerging taxa in
the post-flood samples that were most severely
impacted by the flood event.

This post-flood increase in Chironomidae taxa is
likely triggered by the interplay of a suite of factors.
Substrate characteristics, for example, may play a
major role in the reduction or persistence of aquatic
insect species following severe disturbance. Studies
following a single habitat sampling protocol typically
sample only in erosional zones because invertebrate
density and diversity are generally highest in these
areas (Barbour et al., 1999). Research has shown,
however, that these habitats, characterized by high
amounts of loose cobble and gravel, typically have
greatly reduced density and richness following spates
as compared to habitats characterized by stable,
embedded substrate (Matthaei et al., 2000).

Some aquatic invertebrates may be adapted to seek
out areas of refugia during periods of disturbance
(Sedell et al.,, 1990; Dole-Olivier et al., 1997).
Matthaei et al. (2000), for example, found that “stable
stone” substrates are used as refugia by certain aquatic
insects, including Chironomidae. Analogous to the
results of our study, chironomid density and richness
were found to be significantly higher following the
repeated disturbance in post-disturbance samples as
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compared to pre-disturbance, suggesting that these
species may identify and seek these “stable” sites as
refugia during periods of high flow (Matthaei et al.,
2000).

Several of the winter-emerging species found in our
research do not emerge during summer months when
water temperatures are warmer, and larvae of Diamesa
and five Orthocladius species from this study are not
found actively growing on surface substrates during
mid-summer. Although further research is needed to
characterize the summer habitat and life stages of
several of these winter-emerging Chironomidae spe-
cies, we presume they are diapausing deep within the
hyporheos, using this region as a stable refugium
during the summer months before shifting to the
stream bed in late autumn and winter. Benthic
organisms (Fiireder, 1999; Malard et al., 2002;
Dole-Olivier, 2011), including several species of
chironomids (Ferrington, 1984; Ferrington, 1987,
Dole-Olivier et al., 1997; Donley et al., 1998), are
known to use the hyporheic zone as a habitat or arefuge
from environmental disturbance including floods and
warm summer temperatures. For example, chironomid
larvae have been found invading the hyporheos at
depths of up to 2 m following high discharge events
(Dole-Olivier et al., 1997). In addition, Dole-Olivier
(2011) emphasizes the importance of the hyporheic
zone as a protected “nursery” for eggs, early instar
larva, and quiescent stages of benthic invertebrates. It
is quite plausible that winter-emerging taxa found in
our study followed a similar strategy by aestivating in
the hyporheos as eggs or early instar larvae, thus
avoiding mortality associated with stream bed redis-
tribution due to severe flooding, and helping to explain
the persistence and resistance of these taxa.

Studies of rainfall disturbance often emphasize the
devastating impacts of floods on the aquatic inverte-
brate community, highlighting low resistance of the
community (e.g., Fisher et al., 1982; Miller &
Golladay, 1996; Gendron & Laville, 2000). For
example, density reductions in excess of 90% are not
uncommon following spates (e.g., Fisher et al., 1982;
Miller & Golladay, 1996). Contrastingly, we predict
that some species of Chironomidae actually benefit
from extreme flood events. Of the 39 winter-emerging
species collected after the late summer spate, 15 were
unique to the post-flood collections and 10 of the 15
were restricted to streams receiving either heavy or
extreme amounts of rainfall (Table 1). We believe that

these taxa exhibited an opportunistic response, and
thus were able to flourish in the altered stream
conditions by quickly taking over void niches left by
late-summer developing taxa that are not resistant to
severe flooding, thus resulting in reduced competition
levels. A study of chironomids in the River Aude also
concluded that chironomid diversity was higher fol-
lowing flooding disturbance, and included the appear-
ance of cold stenothermic species (Gendron & Laville,
2000). Conversely, though, while overall species den-
sity was higher the year following the flood, Gendron
& Laville (2000) also reported that a number of
species seemed to be expelled by flooding, and
conclude that overall, chironomid resistance to flood-
ing was low, with many populations not rebounding
for several months.

In an experimental spate disturbance study, McCabe
& Gotelli (2000) also reported higher invertebrate
species richness following disturbance. They con-
cluded that their results followed predictions of
Huston’s (1979) “dynamic equilibrium model” for
explaining ecological disturbance (McCabe & Gotelli,
2000). Under Huston’s model (Huston, 1979), which
has been deemed applicable to stream systems (e.g.
Resh et al., 1988), if the recurrence interval of a
disturbance is less than the time required for compet-
itive exclusion to occur, then species that are not strong
competitors can thrive in the system, thereby increas-
ing species richness. In addition, and perhaps more
importantly for this research, competitive exclusion of
species can be counteracted by population reductions
caused by disturbance (Huston, 1979). In the case of
our study, we propose that since the flood occurred at
the end of the summer season and that returning to a
state of semi-equilibrium within the most severely
affected streams likely did not occur until the onset of
cooler weather, it is possible that some competitively
superior aquatic invertebrates did not have time or
were otherwise unable to securely re-establishing their
position before winter. It is also plausible that some
species went into an early seasonal diapause to avoid
consequences of the flood; behavioral responses such
as suggested here are not uncommon in response to
disturbance (Resh et al., 1988).

Thus, without the predominance of these “supe-
rior” species, competition within the impacted streams
may have been reduced, allowing certain chironomids
to take advantage of the new conditions and emerge
earlier than expected by more typical phenology
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patterns. If, as proposed earlier, certain chironomids
are able to take advantage of refugia, such as the deep
hyporheos, this could certainly allow them to quickly
take advantage of vacant niches. Thus, these species
show an alternate, opportunistic type of behavioral
response by shortening the time required for develop-
ment and perhaps also altering patterns of develop-
ment and voltinism. Future research testing these
ideas, as well as incorporating abundance of other
groups of aquatic insects along with chironomids, is
crucial for evaluating these hypotheses.

Another mechanism that might stimulate these
opportunistic species is related to change in the quality
and quantity of food available to the aquatic insect
community following the disturbance. Increased flows
are likely to remove leaves and other types of coarse
particulate organic matter (CPOM), causing decreases
in this type of food resource (Sweeney et al., 1992).
This may be especially critical in headwaters of low
order streams, such as those examined in this study,
shifting the dominant feeding group from shredders,
who rely heavily on CPOM, to collectors, which are
able to filter the fine particulate organic matter
(FPOM) ingested with sediments (e.g., Lenat, 1984;
Genito et al., 2002). Importantly, many chironomids,
particularly some of the dominant winter-emerging
species in our study, are collectors. Twelve of the
unique species that were only found in post-flood
collections (Table 1) are classified as collectors, thus it
is quite plausible that these species are able to
opportunistically use these additional food resources,
such as increased FPOM resources, resulting in higher
population densities or faster growth rates.

When considered at the community level, the
opportunistic species introduce more heterogeneity
in emergence across all of the study streams during
winter. Both the historic data and the results for
streams with only moderate rainfall, indicate that a
small number of taxa form the nucleus of winter
emergence. The more intense disturbance increased
the stream-to-stream variability during the first winter
following the flood. We are not sure how long this
effect could persist. However, based on our interpre-
tation that these opportunistic taxa are not efficient
competitors, we expect that during one or more
subsequent winters without intensive flooding these
taxa will disappear or emerge later into the spring and
emergence through winter will shift back to a com-
munity pattern that is more homogeneous and

@ Springer

dominated by the nucleus of winter emerging taxa
that predominated in the streams with moderate
rainfall.

Work by Bouchard (2007) provides a strong basis
for additional comparisons of our post-disturbance
winter-emergence data. Bouchard (2007) compiled a
database with estimates of the mean and ranges of
water temperatures for emergence of 69 Chironomi-
dae taxa in groundwater dominated streams. We used
this database when comparing mean emergence tem-
perature of the chironomids collected in this study
(Online Supplemental Resource) and also to compare
dates of first emergence for the more warm-water
adapted species, defined as species with a mean
emergence temperature greater than 13°C. Our data
show that 9 warm-water and one colder-water adapted
species are emerging earlier in our post-flood collec-
tions than recorded by Bouchard (2007). For example,
the earliest emergence date for Dicrotendipes fumidus
recorded by Bouchard (2007) was 21-April. Similarly,
the earliest emergence for Zavrelimyia sinuosa was
10-April (Bouchard, 2007). In our collections, we
found D. fumidus as early as 23-February and
Z. sinuosa as early as 6-January. While we acknowl-
edge that these results could be due to differences in
sampling intensity or the individual conducting the
actual sampling event, we believe this is unlikely since
identical field collection protocols were used in our
study, the historic collection, as well as the work done
by Bouchard (2007). We believe it is more plausible
that changes of in-stream condition associated with the
flooding are the primary drivers accounting for earlier
detection of these species.

This idea of earlier emergence is further strength-
ened by examining results for several additional
Orthocladiinae taxa. Species within the subfamily
Orthocladiinae are recognized as containing very
cold-adapted taxa to less cold-adapted species, but
with emergence recorded at lower temperatures than
taxa within the subfamilies or tribes Tanypodinae,
Chironomini, and Tanytarsini (Oliver, 1971; Coffman,
1973; Berg & Hellenthal, 1992; Ferrington et al., 1993;
Armitage, 1995a; Bouchard & Ferrington, 2008).
Bouchard (2007) found very few Orthocladiinae
emerging during the early-winter season; the only
taxon that predictably emerged throughout the early-
winter was the cold-hardy Diamesa sp. Most Ortho-
cladiinae were detected in later-winter or spring
collections (Bouchard, 2007). Conversely, our results
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showed that many Orthocladiinae species were found
throughout the early and late winter season, and as with
the warm-adapted species, these species with varying
degrees of cold-adaptedness were much more pre-
valent in the Heavy and Extreme rainfall categories.
Interestingly, the most cold-adapted species found
in our collections, Diamesa sp. were not found more
predictably during early versus late season collections
or in streams incurring more extreme rainfall. This
seems to further suggest that trends of earlier emergence
post-flooding are most important for warm-adapted
species and moderately cold-tolerant Orthocladiinae.
Considering current climate change predictions, our
results are quite significant, indicating that a strong
base of winter-developing Chironomidae species will
be present during the winter months as a food resource
for stream fish and other higher vertebrates to feed
upon. This may be particularly important for fish
residing in streams recovering from devastating spring
or summer floods when many alternative species of
aquatic insects are temporarily reduced or displaced.
Mechanisms used by the winter-emerging species
described in our study consist of high resistance
especially among the most cold-adapted species, life
cycle flexibility in moderately cold-adapted species,
and earlier emergence combined with potential
increases in voltinism in species that are less cold-
adapted and constrained to emergence at higher
temperatures in streams with low levels of disturbance.
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