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Abstract: Plecoptera, an environmentally sensitive order of aquatic insects commonly used in water
quality monitoring is experiencing decline across the globe. This study addresses the landscape
factors that impact the species richness of stoneflies using the US Geological Survey Hierarchical
Unit Code 8 drainage scale (HUC8) in the state of Indiana. Over 6300 specimen records from regional
museums, literature, and recent efforts were assigned to HUC8 drainages. A total of 93 species
were recorded from the state. The three richest of 38 HUC8s were the Lower East Fork White
(66 species), the Blue-Sinking (58), and the Lower White (51) drainages, all concentrated in the
southern unglaciated part of the state. Richness was predicted using nine variables, reduced from
116 and subjected to AICc importance and hierarchical partitioning. AICc importance revealed
four variables associated with Plecoptera species richness, topographic wetness index, HUC8 area,
% soil hydrolgroup C/D, and % historic wetland ecosystem. Hierarchical partitioning indicated
topographic wetness index, HUC8 area, and % cherty red clay surface geology as significantly
important to predicting species richness. This analysis highlights the importance of hydrology and
glacial history in species richness of Plecoptera. The accumulated data are primed to be used for
monograph production, niche modeling, and conservation status assessment for an entire assemblage
in a large geographic area.

Keywords: stoneflies; aquatic insects; USA; species richness; hierarchical unit codes

1. Introduction

Stoneflies (Plecoptera) are aquatic insects that are species-rich in temperate, mountain
streams [1–3]. Approximately 3900 extant, valid species are classified into 17 families
worldwide [4,5]. In North America (including Mexico), the number of extant species is just
over 770 [3]. Plecoptera species exhibit a range of sensitivities to water and habitat quality
changes and this makes them useful as indicators of water quality [6,7].

Plecoptera species across much of the world are thought to be imperiled by human
activity and climate change. To survive climate change through the end of the 21st century,
stoneflies may be forced to undergo dramatic range shifts, as suggested by modeling of
generic distributions in North America [8]. In the USA, Plecoptera are the third-most
imperiled group of freshwater aquatic organisms [9]. In Illinois, 29% of 77 species known
at the time were considered extirpated or extinct [10]. Extirpations and range loss have also
been reported for Indiana [11], Michigan [12], and Ohio [13,14]. Similar imperilment of the
stonefly fauna of the Czech Republic has been reported [15]. It is estimated that in Europe
and North America up to 35% of stonefly species are in decline and many of these species
appear to meet International Union for Conservation of Nature criteria for inclusion in the
Red List of Threatened Species [16].

Despite demonstrated stonefly range loss and extinctions [10], the paucity of high
quality stonefly specimen-level data hampers our ability to understand historic distri-
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butions, the effects of human disturbance through the 20th century, current distribution
and relative imperilment, and predicted distribution changes. Accumulating such data is
difficult. Much of the developed world had already degraded water and habitat quality
prior to the 1950s, leaving large rivers without their characteristic stonefly fauna and intact
assemblages being present only in small streams and at higher altitudes [10,15,17]. Older
literature often present lists of species from known locations that include misidentifications
and lack corrective voucher specimens. Many ecological works and water quality agencies
appropriately apply methods using higher taxonomy [18], though the resulting data rarely
meet species-level conservation objectives [19].

Criteria for inclusion in such a distribution data set include identifications as provided
by taxonomic experts, precise location data, and a unique identifier (catalogue number)
that links data to a particular specimen or specimens. Specimens providing this kind
of information are found in museums or research collections. They often result from a
long history of taxonomic research within a state or region. Such assessments have been
conducted on Indiana stoneflies since before 1900, mostly as an adjunct to taxonomic
studies [20–26]. The most recent publication in [11] reported 87 species and two recent
works [27,28] added two new species and one existing species to the Indiana total.

Fortunately, nearly all cited authors deposited their specimens in regional museums
so that specimens and data would be available for broader analyses in the future. Recent
USA National Science Foundation and Fish and Wildlife Service grants to DeWalt have
enriched these data with contemporary collections, building a >6330 record data set of
Indiana stoneflies. These data are critical to establishing where species occurred prior to
major degradation, providing context for current distributions and a means to estimate
range losses of individual species. They are also important to determine which drainages
and areas of the state are the richest in species and allow for analysis of factors useful in
predicting richness within drainages. This data set will ultimately be used to develop a dis-
tributional atlas for the state and conservation status assessments for the entire assemblage
in Indiana.

The objectives of this study were twofold: (1) to use the aforementioned accumulated
species data set to assess species richness and its distribution across watersheds in Indiana,
and (2) to investigate the relative importance of natural and human disturbance variables
for explaining species richness within individual watersheds. We anticipated that our
data, with many specimens collected prior to 1950, would reflect historic distributions and
that species richness would be best predicted by natural variables, not human disturbance
factors. We also predict that the southern more rugged areas of Indiana would contain
the richest watersheds. These data will be used for other secondary objectives such as a
monograph of species distributions, taxonomic investigations of potential new species, and
for conservation status assessments of the entire assemblage in Indiana, several of which
are ongoing. The Indiana data are a subset of nearly 40,000 records gathered from Ohio to
Iowa, Minnesota to Michigan.

2. Materials and Methods

Present-day Indiana reflects two major glacial events [23,24]. The Illinoian glaciation,
approximately 100,000 years ago at maximum extent, covered about 80% of Indiana. The
Wisconsinan glaciation, maximum extent 18,000 years ago, covered approximately 60%
(Figure 1, Table 1). These glacial events left three major landscapes within the state—the
Wisconsinan (twice glaciated), the Illinoian (once glaciated), and the unglaciated south-central
region. The Wisconsinan landscape is occupied by low-gradient streams and is deeply buried
in glacial till. The older Illinoian landscape is eroded to abundant ravine streams and mature
river valleys, and in the southwest along the Wabash River windblown loess ridges are
common. Some larger river valleys of Illinoian age are filled with Wisconsinan-era outwash,
forming large, meandering rivers. The unglaciated region is rugged with high-gradient
streams, abundant groundwater, and exposed limestone bedrock.
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Table 1. Summary of Indiana historic vegetation and glaciation prior to European settlement.

Historic Vegetation Area km2 % Area

Mesophytic forest 7885 8.4
Deciduous—beech—maple 46,600 49.7
Deciduous—oak—hickory 27,968 29.8

Dry prairie 2565 2.7
Open wetlands/wet prairie 8131 8.7

Wooded wetlands 570 0.6

Glaciation

Wisconsinan (twice glaciated) 58,996 62.9
Illinoian (once glaciated) 23,028 24.6

Unglaciated 11,713 12.5

Total area 93,719

The United States Geological Survey (USGS) hydrologic unit codes (HUCs) at the
HUC8 scale [29] (Figure 1) were used as watershed replicates.

Prior to European settlement, Indiana supported six major vegetation communities—dry
prairie, oak–hickory upland forest, beech–maple upland forest, beech–oak–maple–hickory
mesophytic forest, wooded wetland, and non-wooded wetland [30–33] (Figure 1, Table 1).
Forests dominated and prairies and wetlands occupied the northern third of Indiana. Cur-
rently, 62% of land use is agricultural (Table 2).

Figure 1. Map of Indiana vegetation prior to European settlement and glaciation. Adapted from
Lindsey et al. [32].
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Table 2. Summary of statewide land use of Indiana in 2016.

2016 Land Use Area km2 % Area

Agriculture 57,965 61.9
Forest 21,537 23.0

Built area 9756 10.4
Wooded wetlands 1996 2.1

Open water 1200 1.3
Herbaceous/shrub 815 0.9

Herbaceous wetlands 291 0.3
Barren 159 0.2

Total 93,719

A large portion of the data used in this study resulted from examination of historical,
borrowed specimens from many institutional and private collections, principal among these
were the Illinois Natural History Survey Insect Collection (INHS), the Purdue University
Entomological Research Collection (PERC), and the Western Kentucky University (WKUC).
Sampling continued between 2000 and 2015 by DeWalt, Grubbs, and Donald W. Webb
(deceased, INHS). Newman assumed lead of the project in 2016 and focused sampling on
areas of the state where effort was sparse and rare species might be found. Throughout
the century-long effort, sampling was not done at randomly selected locations, but was
conducted at multiple locations within a full range of lotic habitats characteristic of the
HUC8 being sampled (Figure 2). Resulting from this century of work is a highly detailed
database of specimen and confirmed literature records. Historical and contemporary
specimens were morphologically identified to the current state of the art. Recent literature
used to identify species may be queried from the Plecoptera Species File Online [4]. Data
from both larvae and adults were included where species-level identification was certain.

Border records were included in this analysis to increase the number of species within
several Indiana peripheral drainages that were incompletely collected. These records met
the following criteria for inclusion in the data set: the waterbody of the record formed
a border with Indiana, or the locality of record was within 5 km of the state border and
the same habitat existed in adjacent areas of Indiana. Border records were included from
Illinois (110), Kentucky (3), Michigan (1), and Ohio (1).

Specimen data (locality labels, determination labels, and catalog numbers) were cap-
tured and normalized in a custom database. Most specimens were associated with their
database record using a paper catalog number [34]. We georeferenced locations using
an online mapping program [35] employing datum WGS-84. Where collectors provided
coordinates, these were projected to verify the location and coordinates corrected accord-
ingly. Precision of coordinates are provided as radius in meters: collector-provided = 10 m,
localities with stream name and road crossing or small town name = 100–1000 m radius,
localities with moderate population size to 50,000 people = 10,000 m, and Indiana county-
level records = 100,000 m. State-level records were not mapped. County records were
retained in analyses if drainage affiliation was certain.

Maps were exported from an ArcView 9.3 (ESRI) project file using a WGS-84 projection
and overlaid on USGS HUC8 drainages. Each georeferenced record was thus assigned to a
HUC8 drainage, allowing creation of a binary matrix of presence/absence of species by
HUC8 drainage. Total species richness values were obtained from this matrix. Drainages
with fewer than five recorded species were considered incompletely collected and were
eliminated from analysis. Five species was the value for the Little Calumet drainage which
was known to be well sampled [36]. Small drainages leaving or entering border states were
trimmed to areas within Indiana.
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Figure 2. Map of Plecoptera specimen localities in Indiana.

All statistical analyses were conducted in an R environment [37]. Linear regression
models were used to examine the relationship of species richness to the number of unique
localities and HUC8 drainage area. This was accomplished using the lm function. The
completeness of species discovery in Indiana was analyzed by building a species presence–
absence vs. unique site-date collection events matrix. This matrix was used to fit a species
accumulation curve using the specaccum function in vegan using 100 permutations [38].
Data were further subjected to the specpool function in order to estimate the species richness
of the study area.

A K-means cluster analysis was used to examine the similarity of species assemblages
between different drainages. The number of clusters represented by the data was de-
termined using the “elbow method”, which indicated two clusters in the data. Jaccard
distance between HUC8 species assemblages was calculated using vegdist function (vegan
R package). This output was then subjected to hierarchical clustering using the hclust
function (stats package). These data were plotted as a tree.

A natural and human disturbance variable set containing 116 environmental variables
was assembled using three sources—USDA/NRCS Geospatial Gateway [39], USGS Na-
tional Land Cover Database (NLCD) 2016 [40], and pre-European settlement vegetation
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from land survey data [32]. Variables fell into seven categories: climate, geology, hydrology,
soils, topography, land cover, and historical ecosystem (vegetation).

Data from the USDA/NRCS and NLCD 2016 were in raster format while historical
ecosystem data were formatted in shapefiles. All were treated similarly. Variables were
extracted for each HUC8 drainage using ARCMap Spatial Analyst Tools, Zonal Statistics as
Table to obtain a mean value for each HUC8. For datasets with several discrete values such
as land cover, Spatial Analyst Tools, Tabulate Area was used and values were converted into
percentages of coverage for each HUC8. Variable data were consolidated into a spreadsheet
in Microsoft Excel (Microsoft, Redmond, WA, USA) for the first stage of variable reduction.

Multiple linear regression was used for variable set reduction followed by linear
model-based variance partitioning to assess the effects of the environmental variables on
Plecoptera species richness. Statistical methods for AIC based analyses were adapted from
previous work [41].

To eliminate highly correlated variables, Pearson correlation coefficients were calcu-
lated. Pairs of variables were considered highly correlated if r ≥ 0.7. In this case, one
variable was removed from further analysis based on interpretation and experience of
which variable was likely more important to stonefly species richness. This reduced the
number of variables by 75, leaving 41. The remaining variables were examined for variance
inflation factor (VIF) in multiple linear regression modeling (vifstep in R package usdm).
Variables with a VIF > 10 were considered highly collinear and were dropped from further
analysis [41]. This left 15 variables which were tested for their effect on species richness
using relative weights and dominance analysis. This procedure examines independent
variable contribution to variance in a multiple linear regression model [42]. This was
accomplished using the package yhat [43] using the function rlw. The relative weight
values were used to reduce the 15 variable set to nine, as this is the maximum number that
can be used in the hier.part function (package hier.part) used later in the analysis. Six of
seven categories were represented by the remaining variables: hydrology, soils, land cover,
historic ecosystem, HUC8 area, and geology (Table 3).

A generalized linear model was fit for species richness based on the remaining nine
predictors using a Poisson distribution. The dispersion parameter was calculated as 1.64,
negating the need for an over-dispersion adjustment to the data [37,41].

Using the dredge function in the R package MuMin [44,45], all possible candidate
models using the variables from the global model were ranked using Akaike information
criteria (AICc). Score differences in AICc (∆AICc) between the top-ranked model and all
other models were used to select a group of models considered substantially supported [46].
Six models with a ∆AICc ≤ 2 were selected for further analysis. Model averaging was
calculated for six well-supported models using R package AICcmodavg, using the modavg
function. This method produced average coefficient estimates and 95% confidence inter-
vals which were standardized to facilitate comparison of dissimilar variables [47]. Each
predictor was assigned a relative importance value calculated by summing the model AICc
weight of all models containing that particular variable. This analysis effectively eliminated
% cherty red clay since it was not contained in any model where ∆AICc ≤ 2.

Further analysis was conducted using hierarchical variance partitioning, using the
hier.part function in the hier.part R package [48]. Hierarchical variance partitioning estimates
the percentage of variance explained by individual predictors in a linear model. This
method compares all possible models in a multiple regression to obtain I, the measure
of individual predictor effect on variance, and J, the contribution of a predictor when
combined with each of the other predictors [49]. It provides another estimate of importance
as confirmation of RIV importance, though they do not always agree. Data matrices of
the top AICc importance predictors were randomized 1000 times with rand.hp to create
distributions of I for each variable. Z-scores were computed with 95% confidence intervals
for the value of I of each variable.
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Table 3. Description, source, and statistics of nine variables included in the model.

Variable Description Source Mean Median SD SE Min Max

Drainage area km2 [38] 2934 2404 1514 276 352 7044

Mean Horton overland flow
Soil infiltration

exceeded by
precipitation

[38] 6.12 6.20 1.40 0.26 2.47 8.14

Mean topographic wetness
index (TWI) Depth-to-water [38] 13.31 13.35 0.58 0.11 12.14 14.27

% Wetlands 2016 Recent wetlands [39] 2.60 1.22 3.32 0.61 0.19 13.38
% Developed land 2016 Built lands [39] 9.89 7.02 6.55 1.02 4.48 35.26

% Historic wetland
ecosystem

Historic
wetlands [33] 9.13 0 17.99 3.28 0 65.87

% Soils hydrogroup B Medium coarse
soils [38] 32.92 31.72 12.51 2.28 9.16 58.44

% Soils hydrogroup C/D Fine soils, slowly
drained [38] 3.57 1.63 5.30 0.97 0.01 21.57

% Cherty red clay Chert in clay [38] 4.37 0 14.22 2.60 0 69.97

3. Results
3.1. Species Richness and Patterns

A total of 6339 specimen records were amassed during this study. Unique sampling
events totalled 2411 and were conducted at 1050 unique locations from 1879 to 2021
(Figure 2). As a result, we recorded 93 stonefly species from Indiana (Table S1). Eight of
10 North American families were represented with Perlidae (36 species), Perlodidae (17),
Capniidae (14), and Taeniopterygidae (7) providing 80% of all species collected in the state.
No endemics were found, but four species represent new state records—Allocapnia pygmaea
(Burmeister, 1839), Paracapnia angulata Hanson, 1961, Acroneuria lycorias (Newman, 1839),
and an undescribed species, Perlesta IN-5 (temporary name).

Linear regression indicated a significant, positive relationship between species richness
and the number of unique localities sampled within HUC8 drainages (p = 1.85 × 10−09,
adjusted R2 = 0.72) (Figure 3). Species richness demonstrated a significant, positive, but
weaker relationship with HUC8 area (p-value: 0.005, adjusted R2 = 0.23) (Figure 4). A
species accumulation curve demonstrates that stoneflies were sampled to near completeness
(Figure 5). The model estimated a terminal species richness of 95 (±5) species, just two more
than observed values.

Figure 3. Scatterplot of stonefly species richness versus the unique localities within HUC8 watersheds
of Indiana. Adjusted R2, probability, and line of best fit provided for simple linear regression analysis.
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Figure 4. Scatterplot of stonefly species richness versus Indiana HUC8 watershed drainage area in
km2. Adjusted R2, probability, and line of best fit provided for simple linear regression analysis.

Figure 5. Species accumulation curve with 95% confidence interval (gray shade) for Indiana Ple-
coptera using unique collection events as replicates. Terminal estimation was 95 ± 5 species.

The mean number of species for the 30 HUC8 watersheds with five or more species
was 23.3, with a median of 20.0. A heat map of species richness demonstrates that three
hyperdiverse HUC8 drainages exist in Indiana (Figure 6, Table S2). These include the
Lower East Fork White (66 species), the Blue-Sinking (58 species), and the Lower White
(51 species), all in the southern third of the state. Other drainages with richness values
above 30 species include the Middle Wabash–Little Vermilion (42 species), the Middle
Ohio Laughery (37 species), Silver-L. Kentucky (34), Sugar Creek (31 species), and Upper
White (31 species). These too occur in the southern half of the state. Eight watersheds were
represented by four or fewer species, all were relatively small in drainage area, inadequately
sampled, and unlikely to be diverse.
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Figure 6. Heat map of Plecoptera species richness within HUC8 watersheds in Indiana.

A K-means cluster analysis of HUC8 species assemblages produced two clusters.
Cluster 1 contains drainages from the unglaciated and once-glaciated southern landscapes
of Indiana (Figure 7). Cluster 2 is composed of mostly northern drainages with a few more
large, southern drainages filled with glacial outwash.

3.2. Relative Importance of Watershed Variables in Species Richness

Analysis by AICc provided six models for species richness with ∆AICc ≤ 2 (Table 4).
Akaike weights of these six models ranged from 0.0575 to 0.1548 with a mean of 0.0852 ± 0.0148
SE. McFadden R2 values suggest the models strongly explain variance in species richness and
by a similar proportion among all models (McFadden R2 = 0.52–0.54 for top-six models). AICc
analysis identified four variables included in all top-six models—mean topographic wetness
index (TWI), area km2, % soils hydrogroup C/D, and % historic wetland ecosystem. Percent
cherty red clay was the only variable not included in the ∆AICc ≤ 2 model set. All models
contained between four and six variables. The best model, as determined by ∆AICc, was Model
1 with five variables (area, % soils hydrogroup CD, % development, % historic wetlands, and
mean TWI), though all models were approximately equivalent.
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Figure 7. Hierarchical cluster tree based on K-means analysis of species by HUC8 drainage.

Table 4. Models with ∆AICc ≤ 2 and their variables (X), AICc score, ∆AICc, AICc weights, and McFadden R2 values.
Drainage area km2 = Area, % soils hydrogroup B = % B, % soils hydrogroup CD = % CD, % cherty red clay = % Chert,
%wetlands 2016 = % Wet, % developed 2016 = % Dev, % historical wetland ecosystem = % HWet, mean Horton overland
flow = µ Hort, mean topographic wetland index = TWI.

Model Area %
B % CD %

Chert % Wet %
Dev

%
HWet µHort TWI df log

Lik AICc ∆AICc Akaike
Weight

McFadden
R2

1 X X X X X 6 −97.8 211.2 0 0.1548 0.53
2 X X X X X X 7 −96.6 212.2 1.00 0.0940 0.54
3 X X X X X 6 −98.5 212.7 1.50 0.0731 0.53
4 X X X X 5 −100.2 212.8 1.62 0.0688 0.52
5 X X X X X X 7 −96.9 213.0 1.79 0.0632 0.54
6 X X X X X X 7 −97.0 213.2 1.98 0.0575 0.53

Global X X X X X X X X X 10 −96.1 223.8 12.58 0.0003 0.54

Results of the AICc analysis were supported by standardized coefficients since none
of the top-four variables contained zero within their 95% confidence intervals (Table 5). A
positive predictor effect was found for three variables (area km2, % soils hydrogroup B,
and % wetlands 2016) and the five remaining variables had a negative effect on species
richness (% developed 2016, mean Horton overland flow, % historic wetland ecosystem,
mean TWI, and % soils hydrogroup C/D).
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Table 5. Standard coefficients of variables included in ∆AICc ≤ 2 model set with 95% confidence intervals. % Cherty red
clay not included in AICc models.

Variable Mean SE Lower Conf. Limit Upper Conf. Limit

% Developed 2016 −1.763 0.995 −3.714 0.187

% Historic wetland
ecosystem −0.751 0.280 −1.299 −0.203

Mean topographic wetness
index −0.567 0.082 −0.729 −0.406

Mean Horton overland flow −0.045 0.035 −0.114 0.024

% Soils hydrogroup C/D −0.036 0.013 −0.061 −0.011

Drainage area km2 0.00022 0.00003 0.00012 0.00024

% Soils gydrogroup B 0.006 0.004 −0.001 0.013

% Wetlands 2016 2.115 1.731 −1.278 5.508

AICc relative importance values (RIV) ranged from 0.196 to 1.000 (Figure 8). Relative
positions of the top five variables were (1) mean TWI (1.00), (2) area km2 (1.00), (3) % soils
hydrogroup C/D (0.91), (4) % historic wetland vegetation (0.88), and (5) % developed 2016
(0.62).

Figure 8. AICc Relative Importance Values (RIV) for nine variables included in the global model.

Relative positions of variables shifted when subjected to hierarchical partitioning.
The relative positions of the top five highest scoring variables were (1) mean TWI (32.9%),
(2) area km2 (22.0%), (3) % cherty red clay (12.8%), (4) % Soils hydrogroup CD (9.5%), and
% Soils hydrogroup B (7.9%) (Figure 9). Percent cherty red clay was not included in any of
the top six AIC models but ranked in the top three by hierarchical partitioning. Percent
soils hydrogroup B moved above % historic wetland ecoregion. The other three variables
in aggregate accounted for less than 10% variation.
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Figure 9. The %I contribution to variance in species richness determined by hierarchical partitioning.

Examining Z-scores indicated that mean TWI, area km2, and % cherty red clay, each
explained a significant percentage of variance, with Z-scores over the 95% confidence limit
(Figure 10).

Figure 10. Z-scores of variables determined by hierarchical partitioning. * Denotes variables significant at 95% confidence
interval.

4. Discussion

Large scale assessments of aquatic insect biodiversity are always difficult to conduct
if species-level identification is needed. Sampling must be conducted instream for larvae
and for adults in a wide variety of habitats and in multiple seasons; species succeed each
other throughout the year [2]. In regions where water and habitat quality are degraded
due to agricultural practices and human development many species will be missing or
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in distributions and densities too low for detection [10]. New sampling alone would not
recover all species that were once present, nor would it produce natural ranges for species.
Such is the case for Indiana, a midwestern USA state where at least 70% of land use is in
agriculture and human development. Museum data are necessary to tally all species and to
provide context for the species that still exist in an area. We have built a data set that allows
us to recover the fauna of a highly disturbed landscape and ask questions about species
richness of the entire assemblage of water and habitat quality sensitive species, how it is
distributed across the landscape, and the relative importance of factors maintaining species
richness.

4.1. Species Richness and Patterns

We recovered 93 species of stoneflies from Indiana, adding four species to the state
tally [4]. Species richness was a positive function of unique sampling events and to a
lesser degree by drainage area (Figures 3 and 4). Both relationships were expected, though
some heavily sampled drainages produced relatively few species. Our sampling nearly
exhausted all species possible in the region (Figure 5) with a prediction being 95 ± 5 species.
The current value of 93 is 14 more than known for Illinois [11]. Conversely, the new tally for
Indiana is 9 fewer than Ohio’s 102 species [49] and 32 fewer than Kentucky [50]. Michigan
has 68 species [12]. Regional tallies are known to be a function of both longitude and
latitude, with decreases in species richness as both variables increase [13].

Indiana stonefly species richness is greatest in the southern part of the state, especially
in HUC8s with large proportions of unglaciated area. The two richest HUC8s (Lower
East Fork White, 66 and Blue-Sinking, 58) are largely unglaciated (Figure 6). The third-
richest drainage (Lower White, 51 species) is an old, once-glaciated landscape, having
been covered only by the Illinoisan glacial advance. These three drainages may have acted
as a refuge during the Wisconsinan glaciation but were certainly first invaded from the
Appalachian Mountains and plateaus east and south of the Ohio River [51].

A K-means cluster analysis of HUC8 assemblages suggests that there is substantial
faunal turnover between northern and southern drainages (Figure 7). Cluster 1 drainages
are mostly northern and of Wisconsinan glaciated landscapes. Cluster 2 is composed mainly
of drainages from the southern half of Indiana in areas of Illinoian once-glaciated and
unglaciated landscapes. The largest differences in the two clusters are within the winter-
and spring-emerging Capniidae, Chloroperlidae, Leuctridae, Nemouridae, Perlodidae, and
Taeniopterygidae. Cluster 1 contains 8 genera and 14 species, while Cluster 2 contains
21 genera and 52 species [4].

4.2. Relative Importance of Watershed Variables in Species Richness

AICc models 1–6 all explained 52–54% of the variation in species richness in drainages
with only minor loss of information (Table 4). There is a pattern in the distribution of
species richness within the HUC8 drainages. Four variables were always present in these
six models: area km2, % soils hydrogroup CD, % historic wetland ecosystem, and TWI,
all but one is related to hydrology. Examination of the importance of variables by RIV,
%I contribution, and Z-scores always rated TWI and area km2 first and second. Ranking
of other variables was inconsistent. One variable not found in the six models was %
cherty red clay and it turned up the % I contribution of hierarchical partitioning and
Z-scores in third position. Note that % developed 2016 appears to be unimportant in
broad scale species richness of stoneflies in Indiana. All others are natural variables. This
suggests that historical specimen data have helped to capture pre-European settlement
stonefly assemblages.

TWI is a complex estimate of depth-to-water and had a negative relationship with
Plecoptera species richness, i.e., areas with high TWI (marshes and wooded wetlands)
supported lower species richness (as in the Little Calumet drainage). Conversely, low TWI
values indicate areas that drain well, have higher slopes, coarser substrates, and higher
dissolved oxygen values. These are conditions conducive to stonefly species richness (as
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in the high richness Lower East Fork White and Blue-Sinking drainages). Some studies
used TWI as a predictive measure for the presence of wetlands [52]. Others found a
negative relationship of TWI with understory vegetation species richness in an Alberta,
Canada boreal forest, i.e., drier habitats had greater species richness than wetter ones [53].
Conversely, an assemblage of grassland-inhabiting passerine birds living in the floodplain
of the Loire valley, France was positively associated with TWI [54].

HUC8 area km2 was the second most important variable and a positive predictor
of species richness. Larger HUC8s contain a diversity of habitat types (seeps, ravine
streams, and medium and large streams), supporting greater species richness. In Ohio,
no relationship between drainage area and species richness of stoneflies was found [13],
but the analysis was based on the much larger HUC6-scale drainages which may have
smoothed habitat differences between drainages. Several other large-scale analyses of
aquatic insect distributions have been conducted, but none have analyzed the effect of
drainage area on species richness: for stoneflies [55] and caddisflies [56] in the Ozark
and Ouachita Mountains area and for caddisflies in Minnesota [57]. Also working in the
Ozark/Ouachita/Interior Highlands area, drainage area accounted for approximately 35%
of variance in species richness of native fish [58]. Their drainages approximated HUC8 to
HUC12 scale.

The third-most important variable in AICc and fourth in hierarchical partitioning was
% soils in HydroGroup C/D (I = 9.5%). Soils in hydrologic group C/D are notoriously slow-
draining [59]. In Indiana, these soils are common in large river bottoms in the southern half
of the state, but they make up a large proportion of soils in the Eel (Wabash), Mississinewa,
Salamonie, Upper Wabash, St. Joseph (Maumee), St. Mary’s, Maumee, and Auglaize
drainages where five under-sampled drainages were eliminated from the analysis. This
region makes up the Bluffton Till Plain [31,33]. The soils were largely formed by precursors
of Lake Erie and deposited by minor re-advances of glaciers, leaving a series of concentric
moraines that divide the HUC8s of this region. Others [12,50] reported similar results of
low stonefly richness for adjacent drainages in northwest Ohio. This hydrologic soil group
is a representation of permeability and a function of the least transmissive horizon of soil
in a location [59]. They may be placed in a dual category if the water table is present within
60 cm of the surface, even if the soil makeup is conducive to faster draining. This is the
case of our % hydrologic group C/D. These are sandy clay loams where the water table is
naturally within 60 cm of the surface.

Percent historic wetland ecosystem is likely representing a similar impact, though
from a different part of the state. The lower portion of the Maumee and its tributaries
in Indiana were wetlands, part of the Great Black Swamp, a wooded wetland complex
formed atop lake plains of ancient glacial Lake Maumee [60]. Additionally, other major
wetland complexes were found in northwestern Indiana as part of the Grand Kankakee
Marsh and drained by the Calumet, Kankakee, Iroquois, Tippecanoe, and Middle Wabash–
Little Vermilion drainages [30]. This is also the region where most of the state’s wet and
dry prairies occurred, which were grouped together with other emergent wetlands in
presettlement vegetation percentages [35]. These areas are rich in flat streams with low
gradients and sandy soils. Few stoneflies live in such conditions [36].

Percent cherty red clay was not included in AICc importance since it was not included
in any of the top six models where ∆AICc ≤ 2. However, it ranked third with a positive
relationship to richness when the dataset was subjected to hierarchical partitioning and
Z-scores. This category of surface geology is associated with unglaciated Indiana [30].
Cherty red clay is a surface geology in portions of six HUC8 drainages, but it only makes
up >5% area in three (Blue-Sinking, 70.0%; Lower East Fork White, 39.7%; and Silver-
Little Kentucky, 11.3%). Eroding from these soils are chert nodules, biologically formed
inclusions found in limestone. The presence of chert indicates moderate and high slopes,
coarse substrates, and groundwater influence, all important for supporting high stonefly
species richness. This variable appears important in only a small area of Indiana. It may
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be a more important variable in unglaciated areas where limestone is more extensively
distributed.

It is important to note that Plecoptera species richness differs greatly across the
drainages of the state. The top four most species-rich HUC8s are the Lower East Fork
White (66 species), the Blue-Sinking (58), the Lower White (51), and the Middle Wabash–
Little Vermilion (42) and they greatly exceed the mean value of 23.3 species. It should also
be noted that certain lower-scoring HUC8s greatly outperform their neighbors. The St.
Joseph River, which drains to Lake Michigan, still supports a nearly complete assemblage
of large perlid and perlodid stoneflies: Acroneuria (three species), Agnetina (one species),
Paragnetina (one species), Neoperla (one species), Isoperla (three species). This number is
approximately twice as many species as found in adjacent HUC8s to the east and south.
Morainal systems in this drainage created a more varied topography, swifter current, glacial
lakes, and abundant groundwater.

5. Conclusions

Our results highlight the importance of hydrology on species richness of Plecoptera.
Three of the top four variables in AICc importance are directly tied to hydrology—TWI, %
soils in hydrogroup C/D, and % historic wetlands. These factors are important in that they
reflect available substrates, water availability, flow rate, and dissolved oxygen. Human
disturbance variables were unimportant in explaining HUC8 diversity.

We could not directly demonstrate the importance of glacial history to Indiana Ple-
coptera species richness, but several of the hydrology variables are likely surrogates for
glacial history. Percent cherty red clay may also be indicative of lack of glaciation. The
cluster analysis strongly suggests a role for glacial history.

Land use over the past two centuries has had a significant impact on current species
richness across the state [11]. This study tallies species present in museum records dating
back to 1879. The older records place many species in drainages where they no longer
occur [10,11]. Eight stonefly species have not been collected in Indiana since the early- to
mid-20th century. These species primarily inhabited large rivers, especially the middle and
lower Wabash and lower White rivers. The timing of these extirpations correlates with
the change to mechanized agriculture and the use of chemical insecticides, herbicides, and
fertilizers [9]. Currently, 62% of the land area of Indiana is in agriculture, and Wisconsinan
glaciated areas share an outsized proportion of land devoted to agriculture. High stonefly
species richness persists only in unglaciated and once-glaciated areas where topography is
not conducive to widespread agriculture [10].

The work conducted here is of sufficient extent and intensity that additional analyses
are possible. A distributional atlas of all the stoneflies species in Indiana is nearly ready for
submission. Conservation status assessments with these data are also planned for early
2022. The latter will help inform conservation efforts of species, important drainages, and
individual waterbodies. It has taken the efforts of many scientists over the past century to
gather these data.

Indiana data and those of a seven state region are now being used to predict pre-
European distribution of stoneflies throughout the wider Midwest, USA. This will be the
precursor for predicting future distributions as influenced by climate and other variables.
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