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The caddis aren’t alright:
modeling Trichoptera richness
in streams of the northcentral
United States reveals substantial
species losses

David C. Houghton1* and R. Edward DeWalt2

1Department of Biology, Hillsdale College, Hillsdale, MI, United States, 2Illinois Natural History Survey,
University of Illinois, Champaign, IL, United States
Despite the importance of caddisflies in aquatic ecosystems, few studies have

assessed the most important variables affecting their species richness throughout

a large region or attempted to model such richness throughout the region. We

sampled nearly 500,000 adult caddisfly specimens representing 18,288 species

occurrences and 282 total species using ultraviolet light traps from nearly 800

streams of varying size and condition throughout the northcentral US, an area of

about 1.3 million km2. We tested 18 candidate variables reflecting natural habitat

conditions, anthropogenic disturbance, and weather differences for their ability to

account for variation in the caddisfly species richness of our samples. Multiple linear

regression, including significance testing and ranking by Akaike InformationCriterion

importance values, determined a best model including eight variables. Caddisfly

species richness increased with percentage of intact natural upstream habitat,

elevation, dew point, longitude, depth of soil organic matter, and distance of soil

to bedrock, and decreased with the percentage of non-native plants and total runoff

value. The percentage of intact upstream habitat alone accounted for >40% of the

variation in caddisfly species richness. After correcting for dew point to equalize

weather conditions, our 7-variable model predicted that, on average, a 50% loss of

intact upstream habitat would cause a 30% decrease in caddisfly species richness

relative to undisturbed conditions, a 75% loss would cause a 55% decrease, and a

near total loss would cause a 75% decrease. Applying our model to the 760,047

stream segments of our study area estimated that, in the absence of disturbance,

nearly 90% of stream segments were predicted to contain 31–40 caddisfly species.

Based on calculated disturbance levels, however, only 15% of stream segments had

maintained at least 90% of that richness, whereas 58% had lost at least half. Species

extirpations were generally lowest in the northern forested portion of our study area

and, except for some relatively small protected areas, higher in the southern

agricultural portion. Overall, our data indicated a tremendous number of site-level

extirpations over a large area owing principally to watershed-level habitat

disturbance. Such losses probably occur in other aquatic insect taxa throughout

much of the United States and elsewhere.

KEYWORDS

caddisflies (Trichoptera), species richness (alpha diversity), extirpation, upper midwest,
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Introduction

Several recent high-profile studies have documented an

alarming decline of insect taxonomic richness and specimen

abundance, with climate change and habitat loss frequently

driving these declines (Hallmann et al., 2017; Lister and Garcia,

2018; Sánchez-Bayo and Wyckhuys, 2019; Uhler et al., 2021).

Aquatic insects have similarly appeared to suffer declines in

species richness as well as changes to their community ecology

(DeWalt et al., 2005; Bojková et al., 2012; Baranov et al., 2020;

Stepanian et al., 2020; van Klink et al., 2020; Greenop et al., 2021;

Houghton and DeWalt, 2021). Two challenges faced by nearly all of

these studies are an absence of historical data and the frequent

covariance between anthropogenic disturbance and natural

variables such as latitude, climate, or habitat type (Didham et al.,

2020; Uhler et al., 2021). Even in the absence of anthropogenic

disturbance, determining the specific variables affecting aquatic

insect species richness is difficult, as large-scale spatial variables

such as latitude, elevation, and precipitation ultimately cause site-

specific changes in flow permanence, stream temperature, dissolved

oxygen, current velocity, and benthic substrate, all of which can

affect insect assemblages (Kobayashi et al., 2013; Piliére et al., 2014;

Dodds et al., 2015; Datry et al., 2016; Karaouzas et al., 2019; Patrick

et al., 2019; Zhang et al., 2019; Brasil et al., 2020).

The caddisflies (Trichoptera) are an important taxon for

studying the correspondence between environmental conditions

and species richness due to their abundance, ecological diversity,

and differing responses to various anthropogenic disturbances

(Barbour et al., 1999; Dohet, 2002; Morse et al., 2019). Sampling

the winged adult stage is particularly useful, since most specimens

are identifiable to the species level and are attracted to ultraviolet

lights representatively, regardless of their functional feeding group

or specific natal microhabitat (Houghton, 2004; Wright et al., 2013;

Brakel et al., 2015). Despite their importance, only a few studies

have assessed caddisfly assemblages on a landscape level (Moulton

and Stewart, 1996; Houghton, 2004; Blinn and Ruiter, 2013;

Houghton and DeWalt, 2021), and all were focused on differences

between species assemblages or functional diversity, not differences

in species richness specifically. Houghton and Holzenthal (2010)

documented a decline in caddisfly species richness between 1950

and 1985 within portions of the US state of Minnesota and, in the

absence of clear historical environmental data, proposed that the

increase in agriculture in the intervening years was the cause of

this decline.

To date, no study has rigorously assessed a large suite of natural

and anthropogenic variables simultaneously for their effects on

caddisfly species richness over a large area. Moreover, no study has

attempted to develop predictive models of caddisfly species richness

based on the determined important drivers of such richness. Such a

study, over a large geographic area that would include many

combinations of variables, may be able to disentangle the

covariance between natural and anthropogenic variables, and

determine which variables are actually affecting species richness.

Thus, the objectives of this study were to: produce a model of

caddisfly species richness throughout a large geographic region
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based on a comprehensive set of environmental variables, and to use

this model to predict species richness in streams throughout this

same large region.
Materials and methods

We sampled caddisfly species in streams of the northcentral

region of the United States, an area approximating the Upper

Midwest and Temperate Plains ecoregions of North America

(Omernik and Griffith, 2014), from 37–49° north latitude and 80–

98° west longitude, and encompassing 1.3 million km2 (Figure 1).

Sampling began in 1999, finished in 2022, and included 770 samples

of streams (Table 1). Larger rivers such as the Mississippi were

sometimes sampled at multiple locations and several sites were

sampled on multiple occasions. Our primary goal in choosing

sampling sites was to cover as much area as possible and with a

consistent effort. We did not sample in Canada since most of our

tested environmental variables were not readily available there.

Sampling occurred based in part on annual (starting 01 January

of each year) accumulated degree-days (ADD), and ranged from

late May in southern Indiana to early August in northern Michigan,

Minnesota, and Wisconsin. Over 95% of samples were collected

during June and July (Houghton, 2018). Almost 80% of samples

were taken within 1 standard deviation of the mean ADD value for

the 770 samples. The outliers were nearly all from northern

Michigan, Minnesota, and Wisconsin, since ADDs in those

regions do not reach the values of the southern portion of our

study area until mid- to late August, well after the observed peak

flight period (Houghton and DeWalt, 2021). Thus, samples from

these regions had lower ADD values.

Adults were sampled using an ultraviolet light trap, which

consisted of an 8-W portable ultraviolet light placed over a white

pan filled with 80% EtOH. Traps were placed adjacent to aquatic

habitats at dusk and retrieved approximately 2 h later (Houghton,

2004; Wright et al., 2013; Brakel et al., 2015). Samples were collected

only if the peak daytime temperature was >25°C, dusk temperature

was >15°C, and there was no noticeable wind or precipitation at

dusk (Houghton, 2004). All specimens within a sample were

identified and counted, except for some female specimens of the

Hydroptilidae, which do not have the necessary characteristics for

species-level identification. Since both male and female aquatic

insects collected with an ultraviolet light trap placed within 40 m

of a habitat accurately reflect the assemblage of that habitat (Sode

and Wiberg-Larson, 1993; Peterson et al., 1999; Sommerhäuser

et al., 1999; Brakel et al., 2015; Pereira et al., 2020), dispersals of

adults between sites, while certainly possible, were considered

unimportant. Specimens were identified to the species level using

Houghton's (2012) treatment of the Minnesota fauna, or with

various taxon-specific treatments as needed. Specimen and

environmental data were databased using BIOTA software

(Colwell, 1996). Almost all voucher specimens reside in the

Hillsdale College Insect Collection (HCIC), the Illinois Natural

History Survey (INHS), and the University of Minnesota Insect

Museum (UMSP).
frontiersin.org
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We tested 16 locality variables for their ability to predict

caddisfly species richness (Table 2). The specific variables were

chosen since they represented a breadth of natural and

anthropogenic landscape and site conditions, generally exhibited

low covariance with each other (Table 3), and were all available

from the US EPA StreamCat database (https://www.epa.gov/

national-aquatic-resource-surveys/streamcat-dataset) (Hill et al.,

2016), thus allowing easy extrapolation of our generated models

to larger data sets. Further, seven of our variables (Base, Order,

Plants, Rip, Run, Shed, Temp) were previously selected from a total

set of 52 candidates as the most important in affecting caddisfly

taxonomic assemblages and functional feeding group biomass in

the northcentral US (Houghton and DeWalt, 2021). We began with

a core set of those seven variables and added nine others to

encompass further aspects of stream conditions. To access the

StreamCat database, the WATERSKMZ kml file (https://

www.epa.gov/waterdata) was downloaded into Google Earth

(GE). This interface allowed access to the specific data of each

stream segment that we sampled. For land cover (Rip, Shed), all

samples taken before 2011 used the 2006 data set, and samples

during and after 2011 used the 2011 data set. We also included two

collection variables (Dew, Moon) to assess weather and lunar

variation on specific sampling nights (Table 2).

Potential models of caddisfly species richness were assessed

with two complementary aspects of multiple linear regression using

R studio version 2022.12.0 + 353 (RStudio Team, 2022). First, all

possible models were calculated using the dredge function of the

package MuMln (Barton, 2015). An F-test determined the
Frontiers in Ecology and Evolution 03
significance of the overall model, and t-tests determined the

significance of individual variables to the overall model.

Calculated models were also ranked by Akaike Information

Criterion corrected for small sample size (AICc) scores and

weights. In the case of many models with similar scores and

weights, relative importance values of the 18 variables were

determined by calculating the combined weights of all models

containing a particular variable (South et al., 2019). Congruence

between significant variables and those with high AICc importance

values indicated the variables to include in the final model. The 18

variables were also evaluated individually for their prediction of

caddisfly species richness with simple linear regression using Excel

for Windows with the Real Statistics add-in (www.real-

statistics.com). We did not model the species richness of

individual families due to large discrepancies in the species

occurrences between them (Figure 2).

Maximal species richness values were estimated for our 770 sites

assuming equal sampling conditions and equal undisturbed

environmental conditions. Thus, we substituted the global mean

value for any collection variable (e.g., DP) identified as significant to

our determined model. Similarly, we substituted undisturbed values

(e.g., Plants = 0) for the values of significant disturbance variables.

Species richness values predicted by such calculated models were

then compared to the observed species richness values in each

sample with the formula:

observed value – expected value
expected value
FIGURE 1

The 770 samples collected during this study, showing the percentage of intact upstream habitat for each. Substantial marker overlap occurs at this
level of resolution. IA, Iowa; IL, Illinois; IN, Indiana; MI, Michigan; MN, Minnesota; MO, Missouri; ND, North Dakota; NE, Nebraska; OH, Ohio; SD,
South Dakota; WI, Wisconsin. Base map © Google, NOAA.
frontiersin.org
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where expected value was derived from linear models of the

significant site variables and constants, and observed value was the

number of species that were actually caught in each sample.

Calculated models were also applied to the 760,047 stream

segments of our study area. Values of the significant model

variables for each stream segment were downloaded from the

StreamCat database using the StreamCat API within the R

environment (https://github/USEPA/StreamCatTools). We

estimated the difference between observed and expected values

of caddisfly species for each stream segment using the same data

and formula as above, calculating expected values using the global

mean for significant collection variables and undisturbed values

for significant disturbance variables, and calculating observed

values using the actual values of all of the variables associated

with each segment. Land cover values were taken from the 2011

data set for all predictions. Latitude, longitude, and elevation data
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were only available for the center of the HUC-12 catchment

containing each stream segment, thus approximating its

location. Predictions of species loss were plotted throughout our

study area in 10% increments using ArcMap software. Predicted

percent species loss for each stream catchment centroid was

converted into a vector/shapefile and then rasterized to a

resolution of 300 meters. This conversion allowed for plotting

the predicted percent species loss for all 760,047 stream segments

without overlap between the data markers. Predicted total species

richness of the 760,047 stream segments assuming undisturbed

conditions were also mapped using the values for each stream

segment, but substituting undisturbed values for any significant

disturbance variables. Significant natural environmental variables

were assessed for their ability to predict changes in determined

undisturbed species richness throughout the 760,047 stream

segments using simple liner regression.
TABLE 1 The number of samples collected per year throughout the 11 states of this study.

Year IA IL IN MI MN MO ND NE OH SD WI Total

1999 29 29

2000 84 84

2001 2 37 39

2002 0

2003 4 4

2004 2 2

2005 7 7

2006 2 2 2 6

2007 8 1 3 1 13

2008 4 1 5

2009 4 22 9 35

2010 18 18

2011 1 69 3 9 82

2012 1 8 14 23

2013 9 15 24

2014 1 11 2 14

2015 37 33 70

2016 1 1 25 27

2017 1 10 11

2018 1 52 2 16 2 73

2019 22 25 1 38 8 29 123

2020 19 8 27

2021 9 7 5 2 23

2022 13 10 4 4 31

Total 51 54 89 222 153 10 27 4 30 11 119 770
frontie
State abbreviations are in Figure 1.
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Results

We and our colleagues sampled 770 streams, including 173 1st

order, 152 2nd order, 161 3rd order, 128 4th order, 88 5th order, 43 6th

order, 14 7th order, nine 8th order, one 9th order, and one 10th order.

We identified 451,592 caddisfly specimens representing 18,288

species occurrences and 282 total species among 19 families, The

Leptoceridae had the highest number of species occurrences (6016),

followed by the Hydropsychidae (3711) and Hydroptilidae (2941)

(Figure 2). Those three families represented > 2/3 of all species

occurrences. Caddisfly richness per sample ranged from 1 to 65

species with an overall mean of 21.2 (Figure 3). Least disturbed

streams averaged around 30 species while highly disturbed streams

averaged around 10.

The disturbance variables Shed (R2 = 0.41), Plants (0.26), and

Rip (0.21) had the highest ability among all variables to predict

caddisfly species richness using simple linear regression (Table 2).

The variables Temp (0.19), Base (0.17), and Perm (0.13) had the

highest values among variables that were not inherently disturbance

related. Rip, Shed and Temp exhibited notable collinearity with each

other and with several other natural and anthropogenic

variables (Table 3).

Multiple linear regression analysis of all 18 variables returned a

significant model including the significant variables Bed, DP, Elev,

Long, OM, Plants, Run, and Shed (Table 4). No single model had an

AICc weight above 0.043, and over 100 models had an adjusted R2
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value of 0.4789 to 0.4651, suggesting that there was no definite best

model. The variables Bed, DP, Elev, Long, OM, Plants, Run, and

Shed all had similarly high AICc importance values (Figure 4). A

multiple linear regression analysis of those eight variables returned

a significant model with an AICc weight of 1 (Table 5), suggesting

that further elimination of any variables would result in an inferior

model. Similarly, the low VIF values suggested minimal covariance

and redundancy of variables (Quinn and Keough, 2002).

After replacing the values of the significant collection variable

DP with its global mean value in all models to equalize the effect of

weather, and the values of the anthropogenic variables Plants and

Shed with 0 and 100 respectively to simulate undisturbed

conditions, the calculated species richness difference between

observed values and those of the same sampling sites under

hypothetical undisturbed conditions were notable (Figure 3). The

model predicted that, on average, a 50% loss of intact habitat would

lead to a 30% decrease in caddisfly species richness, and a 75% loss

would lead to a 55% decrease. Habitats with virtually no intact

upstream habitat would exhibit a decrease of nearly 75%.

Applying the same model to the stream segments of our study

area predicted that around 114,000 of the 760,047 stream segments

(15%) had maintained at least 90% of the caddisfly species richness

that would be expected under undisturbed conditions, whereas

444,000 segments (58%) had lost at least half of caddisfly richness

(Figure 5). The vast majority of stream segments with <20%

predicted species loss were in northern Michigan, Minnesota, and
TABLE 2 The 18 variables used to predict caddisfly species richness in this study, along with their minimum, maximum and mean ( ± SE) values.

Variable Description Scale Source Min Max Mean (±SE) R2

Base Baseflow as a percentage of total stream flow Watershed USEPA 11.7 88.8 52.2 (0.7) 0.17

Bed Depth of soil to bedrock (cm) Catchment USEPA 64.8 152.4 146.3 (0.6) 0.00

Dam Mean annual storage volume / watershed area Watershed USEPA 0 17360.1 100.0 (35.4) 0.00

DP Dewpoint on the collection night Collection WU 76 45 60.8 (0.3) 0.02

Elev Elevation at the collection site (m) Site GIS 99 555 269 (3.1) 0.04

Imp Percent impervious surface Watershed USEPA 0 22.4 1.1 (0.1) 0.03

Lat Latitude at the collection site Site GIS 37.5 49 44.0 (1.0) 0.10

Long Longitude at the collection site Site GIS -98.7 -80.5 -89.5 (0.2) 0.03

Moon Percent of full moon Collection MP 0 100 51.0 (1.2) 0.00

OM Percent of organic matter in soil Catchment USEPA 0.2 59.1 4.5 (0.3) 0.11

Order Strahler (1957) stream order Stream segment USEPA 1 10 3.1 (0.1) 0.02

Plants Percent of non-native vegetation Watershed USEPA 0 100 39.6 (1.1) 0.26

Perm Mean permeability of soil (cm/h) Watershed USEPA 0.6 33 12.6 (0.4) 0.13

Rip Percent of land area as forest, grassland, or wetland 100 m riparian buffer USEPA 0 100 65.8 (1.0) 0.21

Run Mean of all runoff values (mm) Watershed USEPA 14.1 597.3 296.3 (4.2) 0.05

Shed Percent of land area as forest, grassland, or wetland Watershed USEPA 0.1 99.9 48.0 (1.2) 0.41

Table Depth of soil to water table (cm) Catchment USEPA 5.6 182.9 118.4 (1.6) 0.00

Temp Mean summer stream temperature (°C) Stream segment USEPA 14.3 26.1 19.4 (0.1) 0.19
frontiers
R2 values based on each variable’s ability to predict caddisfly species richness based on a simple linear regression. Sources: GIS = measured in the field, USEPA = https://www.epa.gov/national-
aquatic-resource-surveys/streamcat-dataset, MP = https://www.moonpage.com/, WU = https://www.wunderground.com/history.
in.org
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TABLE 3 Pearson product-moment correlation (R) coefficients between all combinations of the 18 variables in our study.

Rip Bed Long Order Lat OM Elev Base Plants Temp

-0.12

0.30 -0.06

-0.12 0.02 -0.15

0.19 -0.01 -0.40 -0.21

0.25 0.13 0.01 -0.12 0.31

-0.04 0.09 -0.49 -0.24 0.47 0.19

0.42 0.10 0.30 -0.24 0.40 0.23 0.11

-0.84 0.21 -0.26 0.15 -0.25 -0.27 -0.01 -0.47

-0.42 0.06 -0.18 0.55 -0.63 -0.27 -0.28 -0.75 0.49

0.64 -0.24 0.29 -0.27 0.44 0.33 0.10 0.54 -0.70 -0.67
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Imp Run DP Dam Moon Perm Table

Run 0.08

DP 0.08 0.00

Dam -0.03 0.05 0.03

Moon -0.04 0.12 0.06 0.07

Perm -0.07 0.30 -0.28 -0.04 -0.07

Table -0.04 0.09 -0.14 -0.03 -0.05 0.38

Rip -0.14 0.43 -0.25 -0.10 0.06 0.40 0.14

Bed 0.06 -0.21 0.02 0.01 -0.10 0.08 -0.28

Long 0.15 0.81 0.04 0.06 0.15 0.25 -0.05

Order 0.09 -0.19 0.10 -0.08 -0.01 -0.15 -0.03

Lat -0.29 -0.33 -0.34 -0.09 -0.06 0.31 0.00

OM -0.10 0.02 -0.20 -0.03 0.00 0.09 -0.41

Elev -0.23 -0.45 -0.18 0.03 -0.06 0.01 0.08

Base -0.09 0.36 -0.35 -0.06 -0.03 0.67 0.24

Plants 0.18 -0.45 0.25 0.08 -0.04 -0.41 -0.13

Temp 0.22 -0.27 0.35 0.03 -0.01 -0.52 -0.17

Shed -0.26 0.46 -0.29 -0.02 0.03 0.52 0.14

R-values > 0.50 denoted in boldface font.
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Wisconsin, with some smaller areas located in southern Illinois,

Indiana, and Ohio (Figure 5). In contrast, over half of our

geographic study area was composed of stream segments with

predicted losses >60%, predominantly within the southern

portion of our study area.

After substituting undisturbed values for Shed and Plants to

estimate undisturbed species richness, almost 2/3 of the 760,047

stream segments were predicted to have 31–35 caddisfly species,

and nearly 90% were predicted to have 31–40 species. Of the five

important natural variables from our model, Elev had the most

robust simple linear regression (R2 = 0.44) when used as a predictor

variable for undisturbed species richness, followed by OM (0.24)

and Run (0.18) (Figure 6). Stream segments of low (≤30 species)

predicted undisturbed richness were concentrated in the Driftless

Area of southwestern Wisconsin, in the older Illinoian glaciated

regions of central Missouri, southern Illinois, and southern Indiana,

and in small areas of northern Michigan and Minnesota (Figure 5).

The predominant land cover type in the watersheds of

undisturbed streams was forest (53%), followed by wetland (29%)

and grassland (6%) (Figure 7). All three types were lower in more

disturbed watersheds, and primarily replaced by row crops and

pasture. Row crops composed 72% of the land cover of disturbed

watersheds, followed by pasture (10%) and developed land (9%).
Discussion

Determining the most important drivers of biological diversity

is critical for developing science-based approaches to biological

conservation and ecosystem management. Determining such

drivers of riverine diversity is particularly urgent, as river systems
Frontiers in Ecology and Evolution 07
continue to degrade worldwide (Feio et al., 2022). Thus, it becomes

particularly important to establish and prioritize the most

important variables affecting the riverine biota. A perpetual

challenge for such studies is the frequent collinearity between

candidate variables. For example, in our study Temp

simultaneously correlated positively with Order and negatively

with Lat, Shed, Base, and Perm (Table 3). Such collinearity has

been noted in several previous studies (Ebersole et al., 2003; Dohet

et al., 2014; Dugdale et al., 2020; Houghton, 2021). Not surprisingly,

the land cover variables Shed and Rip correlated positively with each

other and negatively with Plants (Table 3) (Seeney et al., 2019).

Although Temp (R2 = 0.19) and Rip (0.21) had relatively strong

simple linear regression coefficients (Table 1), they were not

retained in the final model, suggesting that most of their power to

predict caddisfly species richness was due to their covariance with

Shed (Quinn and Keough, 2002). Houghton and DeWalt (2021)

similarly determined three distinct temperature gradients

corresponding to intact upstream habitat, stream gradient, and

river size that each significantly affected caddisfly species

assemblages and functional feeding group biomass of the

northcentral US. They hypothesized that temperature was actually

less important in affecting stream organisms than the variables with

which it co-varies. Conversely, most of the variables retained by our

final model had simple linear regression coefficients ≤ 0.05,

suggesting that they had low ability to independently predict

caddisfly species richness, but their ability was unique among

variables and not due to correlation (Quinn and Keough, 2002).

The variables retained in the final model generally had expected

associations with caddisfly species richness (Table 5). Longitude

(Long) affects caddisflies of the northcentral US as the naturally arid

environments and high level of habitat degradation in the western
FIGURE 2

The 19 families of Trichoptera, ranked by the number of total species occurrences within each family found during this study.
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A

B

FIGURE 3

The number of caddisfly species caught from each of our 770 samples relative to intact upstream habitat (Shed) (A), and the percentage of the fauna
estimated to have been lost from the same sampling sites (B). Markers for the bottom panel represent an expected number of species from a sample
assuming undisturbed conditions (Shed = 100, Plants = 0) and the model from Table 5, subtracted from the actual collected number of species
found in that sample, and then divided by the expected number.
TABLE 4 Results of multiple linear regression modeling of caddisfly species richness based on our 18 predictor variables (Table 1).

Variable Coefficient Std Err t P VIF

Intercept 27.82 21.20 1.31 0.190

Shed 0.23 0.02 11.37 0.000 3.95

Elev 0.02 0.01 4.12 0.000 1.88

DP 0.20 0.05 3.73 0.000 1.26

Run -0.02 0.01 -3.33 0.001 4.92

OM 0.19 0.06 2.96 0.003 1.69

Long 0.48 0.17 2.90 0.004 4.05

Plants -0.06 0.02 -2.71 0.007 4.34

Bed 0.06 0.03 2.11 0.035 1.56

(Continued)
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states of the region decrease species richness (McNeely, 2003;

Houghton, 2021; Houghton et al., 2022). While elevation (Elev)

differences are clearly important to montane assemblages, even

short elevation gradients can influence invertebrate communities

(Namayandeh et al., 2018). Depth of soil to bedrock (Bed) and

percent of organic matter in soil (OM) both increase over

successional time and may relate to glacial history, which is

known for affecting stonefly species richness in the northcentral

US (Cao et al., 2013; Molles and Sher, 2018). A high run-off value

(Run) typically associates with low stream permanence, thus
Frontiers in Ecology and Evolution 09
possibly limiting species to those with short or diapausing life

cycles (DeWalt et al., 2005; Santhi et al., 2008). A high dew point

(DP) increases species richness as it reflects consistently warm

temperatures throughout the sampling night (Wright et al., 2013).

While eight variables collectively accounted for significant

(46%) variation in caddisfly species richness, and natural variables

such as Elev, OM, and Run appeared particularly important for

affecting species richness in the absence of disturbance, the single

most important variable appeared to be the percentage of intact

upstream natural habitat (Shed), which by itself accounted for 41%
TABLE 4 Continued

Variable Coefficient Std Err t P VIF

Base 0.07 0.04 1.79 0.074 3.86

Dam 0.00 0.00 1.68 0.093 1.05

moon 0.01 0.01 1.12 0.262 1.07

Order 0.31 0.28 1.12 0.264 1.84

Temp 0.34 0.33 1.02 0.309 6.69

Table 0.01 0.01 0.93 0.355 2.19

Imp 0.14 0.20 0.73 0.467 1.18

Lat -0.15 0.28 -0.54 0.591 4.78

Rip 0.01 0.02 0.23 0.815 3.70

Perm 0.00 0.05 -0.01 0.991 2.49
frontiers
Model adjR2 = 0.48; F = 38.6, P<0.0001. VIF, variance inflation factor.
FIGURE 4

The 18 variables analyzed during this study, ranked by AICc importance value. Importance values were calculated by summing the weights of all
multiple regression models that included each variable.
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TABLE 5 Results of multiple linear regression modeling of caddisfly species richness based on the eight most important predictor variables (Table 4).

Variable Coefficient Std err t P VIF

Intercept 39.33 15.90 2.47 0.014

Shed 0.21 0.02 13.29 0.000 2.52

Plants -0.07 0.02 -4.39 0.000 2.11

Elev 0.02 0.01 4.13 0.000 1.56

DP 0.18 0.05 3.56 0.000 1.15

Long 0.52 0.15 3.51 0.000 3.24

Run -0.02 0.01 -3.17 0.002 4.04

OM 0.15 0.06 2.74 0.006 1.24

Bed 0.06 0.02 2.66 0.008 1.17
F
rontiers in Ecology and Evol
ution
 10
Model adjR2 = 0.46; F = 84.1, P<0.0001, AICc = 5690.5, loglik = -2835.1, Wi = 1. VIF = variance inflation factor.
A

B

FIGURE 5

The predicted species richness assuming undisturbed conditions (Shed = 100, Plants = 0) and the model from Table 5 (A) and predicted percent loss of
caddisfly species richness relative to these undisturbed conditions (B) for the 760,047 stream segments of our study area. Political boundaries in Figure 1.
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of the total variation in the dataset, and positively associated with

richness (Tables 1, 5). In general, high Shed values associated with

high relative coverage of forests and wetlands (Figure 7), reflecting

the fairly undisturbed Upper Midwest forested ecoregion of

northern Michigan, Minnesota, and Wisconsin (Omernik and

Griffith, 2014). Conversely, the Temperate Plains prairie

ecoregion was highly disturbed; thus, grassland was not an

abundant land cover type of undisturbed watersheds.

Agriculture was the dominant land use disturbance throughout

the region (Figure 7), with row crops and pasture encompassing the

majority of highly disturbed areas, especially in the southern

portion of our study region. Similarly, the percentage of non-

native upstream vegetation (Plants), including agricultural

cultivars, associated negatively with caddisfly species richness.

Intensive agriculture probably has the most extensive impact of
Frontiers in Ecology and Evolution 11
any human land use on aquatic ecosystems, with effects including

stream channelization, draining of wetlands, modification or loss of

the surrounding floodplain, removal of riparian canopy cover with

subsequent loss of coarse allochthonous input, and increased inputs

of pesticides, sediment, and fine organic matter (Zweig and Rabeni,

2001; Brinson and Malvárez, 2002; Allan, 2004; Paulsen et al., 2008;

Pearson et al., 2016; Hughes and Vadas, 2021). Collectively, these

effects decrease the taxonomic richness of aquatic taxa (Allan, 2004;

Hawkins and Yuan, 2016; Houghton and DeWalt, 2021).

Ultimately, our results suggested that landscape-level habitat

disturbance is the most important driver of caddisfly species

richness and that natural variables have comparatively less

importance. Moreover, they indicated that merely protecting the

riparian zone of a river is insufficient to protect aquatic biota, as the

variable Rip did not add significance to the overall model. These
D

A

B

E

C

FIGURE 6

Simple linear regression models of the five determined significant natural environmental variables and their ability to predict species richness in the
absence of disturbance (Figure 5A): longitude (A), percent organic matter (B), elevation (C), distance to bedrock (D), and total runoff value (E).
Variable descriptions and units in Table 2. n = 760,047 stream segments for each graph.
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results reinforce the idea of “the valley rules the stream” (Hynes,

1975). That is, river systems are ultimately reflections of the

surrounding landscape, and conservation measures must be

undertaken on a larger scale than merely protecting a single

stream reach or riparian zone (Le Gall et al., 2021; Green

et al., 2022).

The continuing worldwide mass extinction of species is clear

and well-documented (Pimm et al., 2014; Ceballos et al., 2017;

Tilman et al., 2017). The scale of biotic decline, however, may

actually be considerably underestimated. Ceballos et al. (2017)

coined the term ‘biological annihilation’ to describe mass

extirpations of species from particular habitats. Such extirpations

are likely occurring at a rate at least an order of magnitude greater

than the rate of complete species extinctions, yet receive

comparatively little attention. The loss of a species locally can

have significant detrimental effects on its former ecosystem

(Flynn et al., 2009; Brodie et al., 2021), as well as be a harbinger

of future extinction, even among species that are apparently secure

(Ceballos et al., 2017).

Unfortunately, our results indicated many such local

extirpations — a biological annihilation — of caddisflies

throughout large portions of the northcentral United States.

While these results are not particularly surprising based on

smaller-scale studies of aquatic insects within the region (DeWalt

et al., 2005; Houghton and Holzenthal, 2010), they are nonetheless

alarming. If our predictions are correct, then not only have caddisfly
Frontiers in Ecology and Evolution 12
extirpations been substantial, but they cover such vast areas of the

region — for example, almost the entire prairie ecoregion — that

recolonization of species will be difficult even if ecosystem

restoration occurs due to natural lag time and the low vagility of

caddisflies (Peterson et al., 1999; Meals et al., 2010; Brakel

et al., 2015).

Regardless of the number of variables added, overall R2 values

were always <0.50, indicating that over half of the variation in

caddisfly species richness could not be explained by any of our

models. We suspect that much of the unaccounted variation is from

subtle differences in the emergence phenologies, flight periodicities,

and adult behavior of species at specific locations. The abundance of

common species can vary unpredictably from week to week, even

within the peak sampling season and under similar weather

conditions (Houghton, 2015). The presence or absence of rare

species may similarly vary. It is not known definitively if

ultraviolet light trapping is an exhaustive technique for sampling

caddisflies, if it attracts all species equally, or if species are less

attracted at certain points during their adult life (Myers and Resh,

1999; Nakano and Tanida, 1999). Variation in channel sinuosity,

benthic substrates, nutrient input, water physicochemistry, or

stream velocity, among other local variables, probably also

affected species richness, as did a site’s glacial history (Sangunett,

2005; Marzin et al., 2012; Cao et al., 2013. Macedo et al., 2014;

Herlihy et al., 2020; Houghton and DeWalt, 2021). Such data,

however, were not available in the StreamCat database. In addition,
D

A B

C

FIGURE 7

Relative watershed coverage of the seven primary land cover types upstream of the 760,047 stream segments of our study area grouped by overall
Shed value. >75% intact upstream habitat (n = 141,933) (A), 50–75% (n = 86,118) (B), 25–50% (n = 138,861) (C),<25% (n = 393,135) (D).
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the 24-year sampling period, which was necessary to obtain a large

number of samples during a short sampling window with similar

weather conditions, could have occurred as land cover changed over

time. Fortunately, land cover data were available for 2006 and 2011,

meaning that the percentages of intact upstream (Shed) and riparian

(Rip) habitat were assessed within 11 years of caddisfly sampling for

all streams, and ~75% of streams were assessed within 7 years.

Lastly, extrapolating by nearly three orders of magnitude (770

samples to 760,047 stream segments) practically guarantees a

substantial loss of precision (Quinn and Keough, 2002). There

could be many regions within our study area that do not fit the

predicted patterns, but are overlooked due to their small sample

sizes being overwhelmed by the general trends. For example, nearly

all samples from the Elkhart, Fawn, and Pigeon River systems of

northeastern Indiana contained approximately double the species

richness predicted by our model. A similar pattern has been

observed in the stonefly assemblages of this region, possibly due

to high groundwater input (DeWalt et al., 2016).

Future research should address the limitations of this study. In

particular, including site-specific stream morphological and

physicochemical variables would help address the question of

spatial scale in affecting species richness. Perhaps future iterations

of the StreamCat database could include estimations of such

variables. Determining and prioritizing refuge habitats, such as

those within southern Illinois, Indiana, and Ohio, would be

beneficial to preserving the remaining richness of caddisflies and

other aquatic insects within region where it has otherwise been lost

(Cao et al., 2013; Newman et al., 2021). Finally, expanding the study

to include additional areas and aquatic taxa would enhance our

findings and better evaluate the severity of extirpations of

aquatic organisms.

Despite the lack of precision in our models, this study

nonetheless indicated abundant species extirpations and

subsequent loss of the ecological services provided by caddisflies

throughout a large geographic area. Caddisfly genetic diversity has

almost certainly been lost permanently due to population

fragmentation and isolation (MacArthur and Wilson, 2016).

Based on known levels of watershed disturbance (Paulsen et al.,

2008; McManamay et al., 2018; Isaak et al., 2020) and the sensitivity

of other orders of aquatic insects (DeWalt et al., 2005; Cao et al.,

2013), the biological annihilation of aquatic insect taxa is probably a

significant problem throughout much of the US and elsewhere.
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