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Abstract: Collections made over 20 years with a multiple habitat sampling protocol and Hester–Dendy
artificial substrate samplers were used to assess macroinvertebrate genera richness in first- to
fourth-order streams on the Savannah River Site (SRS), a 780-km2, U.S. government reservation on
the upper South Carolina, USA, coastal plain. We collected 312 genera representing 114 families
including 268 genera and 87 families of insects. The total number of genera from each stream
averaged 139 (97–194) with totals of 171–261 for drainages with more than one stream. Larger
streams supported more macroinvertebrate genera, but small headwater streams supported genera
not found in higher-order streams and contributed to drainage-wide richness. Sampling effort
expressed as number of individuals collected or sites sampled and sampling duration influenced
genera richness more than other factors. Genera accumulation curves showed that full representation
of richness required several years of sampling and the inclusion of sampling sites that represented all
habitats. Upper Three Runs, known for high insect species richness, was the most genera-rich stream,
but richness was nearly comparable in other streams after adjusting for sampling effort. Some SRS
streams are minimally exposed to anthropogenic disturbance, making them relatively unique in the
southeastern USA Sand Hills and valuable as reference models.

Keywords: macroinvertebrates; benthic; streams; taxonomic richness; genera accumulation curves;
artificial substrates; multiple habitat sampling protocol

1. Introduction

Biodiversity is currently declining in freshwaters because of pollution, invasive species, land use
changes, hydrological alterations, and other factors. Freshwater biodiversity losses are fairly well
documented for fish but are less understood for other organisms including benthic macroinvertebrates
in lotic environments [1,2]. Benthic macroinvertebrates are a major source of freshwater biodiversity,
play essential functional roles in stream ecosystems, and are useful for evaluating the ecological quality
of aquatic ecosystems [1,3,4]. The taxonomic richness of the entire benthic assemblage or of particular
benthic groups is commonly used to describe lotic macroinvertebrate communities and is frequently
measured as an indicator of stream health [5]. However, understanding changes in macroinvertebrate
taxonomic richness necessitates recognition of factors that affect it including sampling issues that
influence its estimation.

The most frequently used measure of biodiversity is species richness, the number of species in a
sample or specific area. However, studies of freshwater macroinvertebrates are frequently conducted
at the genus or family level of taxonomic resolution because species-level distinctions are poorly
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understood, difficult in some groups (e.g., Chironomidae), and because diagnostic characteristics are
often lacking for larval stages. The accurate measurement of macroinvertebrate taxonomic richness
is difficult, as it is for other types of assemblages. The number of taxa is invariably underestimated
by sampling, and the comparison of taxonomic richness across assemblages is strongly influenced
by sampling effort. The effect of sampling effort on richness estimates is classically described by
taxa accumulation curves that depict the increase in number of taxa that occurs as sampling effort
increases [6–8]. Sampling effort is often expressed as the area sampled (taxa–area relationship) but can
also be expressed as the number of samples collected or individual organisms collected. The temporal
analogue of this relationship is the taxa–time relationship, which describes the increase in richness
that occurs with increasing number of sampling events or sampling duration [9]. Both taxa–area and
taxa–time relationships are attributable to passive sampling effects (the observation of more taxa as
more individuals are surveyed) and ecological processes. The latter include the addition of different
habitats that support different taxa as sample area increases and taxa turnovers resulting from habitat
changes and species dispersals as sampling duration increases.

Because the observed number of taxa almost always underestimates the actual number of taxa,
a variety of taxa-richness estimators are used to approximate complete richness in a sample [8]. Among
the more popular are nonparametric estimators like the first- and second-order jackknife, Chao 1 and 2,
and bootstrap, which use information on the numerical distribution of individuals among taxa in an
assemblage to estimate total richness [8]. Richness estimators are usually used over small spatial scales
where passive sampling effects are largely driving increases in taxa number but can estimate richness
over larger areas with heterogeneous habitats if combined with sampling designs that adequately
reflect habitat heterogeneity [10,11].

Taxonomic richness is reflective of factors operating at different temporal and spatial scales
including large-scale geographic, geological, and climatological factors that influence regional
biodiversity and niche diversity, biological interactions, and anthropogenic disturbances that influence
biodiversity at local scales by acting as filters on the regional species pool [12]. Numerous ecological
factors influence the number of taxa in a macroinvertebrate assemblage. The River Continuum Concept
(RCC) emphasizes longitudinal changes in stream ecosystems including progressive downstream
shifts in physical gradients and changing energy inputs that produce shifts in trophic organization and
assemblage composition [13]. It predicts peak macroinvertebrate taxonomic richness in streams of
intermediate size where habitat and niche diversity are maximized by high environmental variability
and a variety of autochthonous and allochthonous food sources. An alternative perspective, herein
termed Stream Network Theory (SNT), stresses the network structure of streams within a drainage
and posits that high beta diversity among diverse headwater streams produces high gamma diversity
within the basin, as a whole [14]. High beta diversity among headwaters is a consequence of the
relative isolation of headwaters coupled with differing environmental conditions that create a variety
of habitats.

Analysis of macroinvertebrate taxonomic richness together with analyses of community
composition and the functional traits of benthic organisms are important in the assessment of
ecosystem degradation and recovery [4,15,16]. Sites relatively free of anthropogenic disturbances are
especially important because they provide baselines (sometimes termed reference models) to measure
degradation and recovery from disturbance. In this study, we estimated macroinvertebrate taxonomic
richness in several streams in a relatively undisturbed region on the upper South Carolina, USA, coastal
plain. Many were “blackwater” streams, a distinctive resource on the coastal plain that supports unique
and diverse assemblages [17]. The streams include Upper Three Runs, which has been described as the
most speciose stream in the Western Hemisphere [18]. We made use of an unusual long-term data set to
(1) document taxonomic richness in the streams, (2) examine factors that influenced taxonomic richness
including effects of sampling effort, (3) evaluate observed richness patterns in terms of expectations of
the RCC and SNT, and, (4) after adjusting for sampling effort, compare taxonomic richness among
streams including other streams discussed in the literature.



Diversity 2020, 12, 459 3 of 17

2. Materials and Methods

2.1. Study Area

The data were collected in conjunction with environmental monitoring programs conducted
at the Savannah River Site (SRS), a 780-km2, US Department of Energy reservation near Aiken,
South Carolina, USA, established in 1951 to produce nuclear materials. The SRS is largely forested
with scattered industrial areas and no permanent human habitation. It is in the Sand Hills ecoregion,
which covers about 20,600 km2 in the southeastern USA coastal plain bordering the fall line [19].
The Sand Hills have deep sands mixed with clay and silt and are dominated by conifers such as longleaf
pine (Pinus palustris) plus oaks and other hardwoods. Many of the larger streams are “blackwater,”
low-gradient, slow-flowing, and fed by water seeping through sandy soils that underlie floodplains
and swamps. The water is stained by decaying organic matter, usually acidic, and with little suspended
sediment [20]. Snags and other large, woody material are the predominant instream structure providing
habitat and often forming debris dams that affect stream geomorphology [21].

The SRS includes five major stream systems that discharge into the Savannah River: Upper Three
Runs (UTR), Fourmile Branch (FMB), Pen Branch (PB), Steel Creek (SC), and Lower Three Runs (LTR)
(Figure 1). UTR is the largest stream, with approximately 250 km2 of watershed within the SRS and
several tributaries including Tinker Creek (TC), Tims Branch (TB), Crouch Branch (CB), and McQueen
Branch (MB). FMB is a 24-km-long stream with a 57-km2 watershed that lies entirely within the SRS. PB
and its tributary Indian Grave Branch (IGB) are entirely within the SRS and similar in size to FMB. SC
and its major tributary, Meyers Branch (MB), are also located entirely on the SRS. The upper reaches of
SC were impounded in 1985 to create a 400-ha cooling reservoir. LTR drains the southeastern portion
of the SRS. Its upper reaches were dammed to form a 1012-ha reservoir formerly used as a source of
reactor cooling water.

Some SRS streams have been minimally disturbed since the SRS was created in 1951 including
most of UTR and TC, upper and middle PB, and MB. In contrast, FMB, IGB, lower PB, and middle
and lower SC formerly received heated cooling water from nuclear reactors causing extensive habitat
destruction and elimination of most aquatic biota. Recovery of these streams through secondary
succession began with reactor shutdowns between 1968 and 1988 (depending upon the stream) and
was further aided by reductions in other industrial activities within most watersheds. Although
low levels of nonradioactive and radioactive contaminants are still detectable in some locations [22],
recovery of these formerly impacted streams has been extensive, and they currently support more
biodiverse fish assemblages than most streams within the region [23].

2.2. Macroinvertebrate Sampling

Macroinvertebrates were collected with a Multiple Habitat Sampling Protocol [MHSP] and
Hester–Dendy (HD) multiplate artificial substrates [24,25]. The MHSP consisted of collecting
macroinvertebrates from natural substrates for three person-hours at each sampling site on each
sampling date. All available natural habitats were sampled with a D-frame dip net, kick net, hand
sieve, white plastic pan, and fine mesh sampler. The MHSP is designed to ensure that all habitats are
sampled and resembles protocols used by many agencies [26,27]. HDs provide a uniform substrate
for macroinvertebrate colonization, which can reduce the influence of steam substrate differences on
assemblage composition among sites. Each HD sampler consisted of 14 7.6-cm plates separated by
about 0.3–1.0 cm (total surface area of 0.18 m2). The HD samplers were hung from a line stretched
across the stream to avoid bottom contact and retrieved after about 28 days of colonization.
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Figure 1. Sample sites for the collection of macroinvertebrates in five drainages on the Savannah River
Site near Aiken, SC, USA.

The MHSP was used to collect 100 macroinvertebrate samples from 39 sites in the SRS streams
during 1997, 2000, 2003, 2007, and 2017, although not all sites were sampled in all years (Figure 1,
Table 1). HDs were used to collect 85 macroinvertebrate samples from 39 sites concurrently with MHSP
sampling (Table 1). Five HD samplers were deployed at each site in 1997, 2000, and 2007, and two were
deployed at each site in 2017. HD samples were not collected in 2003. All specimens were preserved in
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70% ethanol and taken to the laboratory for microscopic identification. All samples were collected
during November and December to minimize variation associated with seasonal changes.

Table 1. Sampling effort, observed number of genera, and estimated complete number of genera
(95% confidence interval) for each stream (FMB = Fourmile Branch, LTR = Lower Three Runs, PB = Pen
Branch, IGB = Indian Grave Branch, MB = Meyers Branch, SC = Steel Creek, CB = Crouch Branch,
MC = Mill Creek, MQ = McQueen Branch, TB = Tims Branch, TC = Tinker Creek, and UTR = Upper
Three Runs).

Drainage Streams within
Drainage

Number
Samples *

Number
Sites

Number
Years

Sampled

Observed
Number
Genera

Estimated
Complete

Number of
Genera **

% Difference
between Observed

and Estimated

FMB FMB 31 (15, 16) * 7 5 184 217 (199–257) 17.9

LTR LTR 15 (6, 9) 5 4 135 150 (139–180) 11.1

PB
PB 29 (16, 13) 4 5 177 201 (188–232) 13.6
IGB 9 (5, 4) 1 5 97 111(102–134) 14.4

PB Drainage Total 38 (21, 17) 5 5 195 212 (201–238) 8.7

SC
MB 12 (7, 5) 3 5 139 169 (151–212) 21.6
SC 17 (9, 8) 4 5 149 158 (152–178) 6.0

SC Drainage Total 29 (16, 13) 7 5 172 189 (177–221) 9.9

UTR

CB 12 (7, 5) 2 5 97 108 (101–133) 11.3
MC 11 (7, 4) 3 5 137 159 (146–191) 16.1
MQ 9 (5, 4) 2 4 109 130 (117–162) 19.3
TB 9 (5, 4) 1 5 120 141 (129–173) 17.5
TC 8 (5, 3) 3 3 120 147 (130–194) 22.5

UTR 23 (13, 10) 4 5 193 212 (201–238) 9.8
UTR Drainage Total 72 (42, 30) 15 5 259 280 (268–307) 8.1

* Total number of samples (number of Multiple Habitat Sampling Protocol samples, number of Hester–Dendy
samples). Each Hester–Dendy sample included two to five artificial substrate samplers. ** Chao 1 estimator.

Taxonomic identifications, usually to genus or species level, were performed by experts on
regional macroinvertebrate fauna employing appropriate references [28–38]. All identifications were
performed by ETT Environmental, Greenville, SC, under the supervision of the same personnel,
ensuring consistency among samples and over time.

Stream width near the water surface at each site was measured before or after macroinvertebrate
sampling at 7–12 evenly spaced transects across the stream, perpendicular to the direction of water
flow. Strahler stream order was determined from U.S. Geological Survey topographical maps.

2.3. Data Analysis

Most (over 97%) of the collected organisms were identified to genus or species (others were mostly
damaged, larval or early instar, or members of difficult groups such as annelids) However, the genus
level of resolution was used for analysis because it was consistently presented for most taxa. HD and
MHSP data from all sample sites over all collection periods were combined to calculate the total
number of genera (i.e., observed genera richness) in each stream and stream drainage (for drainages
that included more than one sampled stream). We used the Chao 1 nonparametric estimator to estimate
complete richness for each stream and drainage because observed richness typically underestimates
complete richness. The Chao 1 is based on the presence of rare species represented by only one
individual (singletons) or two individuals (doubletons) in a list of taxa abundances [8].

Simple and multiple linear regression models were used to investigate relationships between
predictor (independent) variables and observed genus richness (dependent variable) at each sample
site. Predictor variables included number of organisms collected, number of samples taken, average
number of genera in each sample, average width of the stream, total number of samples from the stream,
number of years the stream was sampled, number of sample sites in the stream, and a qualitative
overall anthropogenic disturbance score. The latter was based on contaminant levels in environmental
media collected from each stream plus information concerning historical impacts [22]. Regression
analysis was repeated with observed richness from each stream within each drainage (all sample sites
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from the stream combined) rather than observed richness from each sample site as the dependent
variable. The order in which independent variables were entered in the regression models was based on
theoretical considerations rather than on automated methods (e.g., stepwise regression). Only MHSP
data were used in the regressions to avoid problems associated with inconsistent HD sampling effort.
Preliminary testing indicated that the assumptions of normality and homogeneity of variance were
generally met, making transformations unnecessary. Regression was conducted with SigmaPlot [39].

Sorenson and Jaccard dissimilarities were compared between headwater sample sites (stream
orders 1 and 2) and higher-order (3 and 4) sample sites to determine if faunal heterogeneity was greater
in the former based on the assumption that greater dissimilarity reflects greater heterogeneity. Both
types of dissimilarities were calculated among all possible pairs of samples from each group of sites
and averaged. Jaccard similarities are based on presence-absence while Bray–Curtis similarities are
based on quantitative data, thereby reflecting differences in relative abundance as well as occurrence.
Dissimilarity coefficients were calculated with PcOrd [40].

The effects of sampling effort (expressed as number of sites sampled and organisms collected) on
observed richness were investigated using MHSP data collected during 2007 from 13 sites in UTR,
the most thoroughly sampled stream and year in the study. Genera accumulation curves (GACs)
were generated by plotting the increase in cumulative mean genera richness as progressively greater
numbers of sample sites and associated collected organisms were pooled. Mean richness for each pool
of sample sites was computed from 100 random sites selections without replacement, and the order of
site selection was ignored.

The GAC was recalculated with different subsets of the 13 UTR sample sites to investigate the
effects of sample site selection on estimates of genera richness. Seven sites were randomly selected
from the 13 sites to represent random site selection. This was repeated 10 times and averaged. GACs
were also calculated for the seven largest sites (in terms of stream width) and the seven smallest sites.
All GACs were extrapolated to the same number of organisms to minimize the effects of differences in
sampling effort (expressed as number of organisms) on comparisons among sampling designs [41].

The effects of sampling duration (i.e., number of years) on observed richness for UTR were
investigated by constructing GACs for the MHSP samples collected from the five sites in UTR that were
sampled during all five sample years (1997, 2000, 2003, 2007, and 2017). Five curves were generated,
corresponding to one to five years of cumulative sampling (i.e., the first curve included one year of
sampling at each site, the second curve included two years of sampling, etc.). The curves for one to
four years of sampling were extrapolated to about the same number of organisms as collected during
all five years of sampling to minimize effects on richness resulting solely from increasing effort.

GACs were also used to compare richness among SRS streams. These analyses were based on
all MHSP data collected from all sample sites in each stream over all sample years, and results were
extrapolated to the same number of samples to adjust for differences in sampling effort. Complete
richness for this analysis and the previously described analyses based on MHSP samples from UTR
was estimated with the Chao 2 estimator, an incidence estimator based on the presence or absence of
species in samples from a larger set of multiple samples [7]. All curves, extrapolations, and richness
estimates were computed using Estimate S [42].

3. Results

3.1. Genera Richness

Over 90% of the more than 44,000 collected, individually identified, and counted organisms
were insects, with the remainder mostly crustaceans (3%), mollusks (3%), and annelids (2%) (Table 2).
A minimum of 312 genera, representing 114 families, were collected including 268 genera and 87 families
of insects (Table 2). The actual number of genera might have been slightly higher because a small
proportion of the collected organisms (under 3%) could only be identified to family. The 3% were
mostly damaged, larval, or early instar, or members of taxonomically difficult groups. Specimens
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not identified to genus were included in the genus count for a family only if they were the only
representatives of the family.

Somewhat more organisms were collected with the MHSP (23,948) than with the HD samplers
(20,065) (Table 2). This difference was especially large in the Hirudinea, Mollusca, Crustacea, Coleoptera,
Heteroptera, Lepidoptera, and Odonata. Only a few groups, particularly within Chironomidae,
were collected in greater number with HD samplers than with the MHSP. The MHSP also collected
more total genera (276 compared with 216) and more insect genera (243 compared with 183) than the
HD samplers (Table 2, see Supplementary Table S1 for specific genera). This was manifested across
most insect orders but especially Coleoptera, Heteroptera, and Odonata (Table 2). However, the use
of HD samplers raised the total number (both methods) of insect genera by about 10% indicating its
potential value as supplemental method for collecting more taxa.

The observed number of genera in each stream averaged 139 and ranged from 97 to 193 (Table 1).
Drainage totals for the three drainages with more than one sampled stream were 195, 172, and 259,
respectively for the PB, SC, and UTR drainages. Over all streams and drainages, the number of estimated
genera (Chao 1) averaged about 13.9% higher than the number of observed genera, suggesting that
sampling was sufficient to represent most genera present. The difference between the observed and
estimated complete number of genera was moderately and inversely correlated with the number of
organisms collected (Pearson r = −0.56, p = 0.030), reflecting the ability of more intensive sampling
(and subsequent collection of more organisms) to better represent complete biodiversity.

3.2. Factors Affecting Genera Richness

Linear regression of the MHSP data indicated that the single strongest predictor of the total
number of observed genera collected from each stream was the total number of individual organisms
collected (n = 12, R2 = 0.74, p < 0.001). Number of samples was nearly as strong a predictor as
number of organisms (R2 = 0.72, p < 0.001). These two predictors were highly correlated (r = 0.88)
and both are manifestations of sampling effort (i.e., more organisms are collected with more samples).
The addition of other predictor variables to regression models with number of individual organisms
failed to produce statistically significant (p ≤ 0.05) increases in predictive power.

Paralleling results for streams, the single best predictor of the total number of genera from each
sample site was the total number of individual organisms collected (n = 37, R2 = 0.62, p < 0.001).
However, unlike the results for streams, multiple regression analyses for sites indicated that the
best predictive model for total number of genera included two significant independent variables:
the average number of genera in each sample from the site and the total number of samples from
the site (t < 0.001 for both independent variables, R2 = 0.91). Other potential independent variables
failed to contribute additional significant predictive power to the regression models. Further analysis
showed that the average number of genera per site was significantly influenced by the average number
of individuals per collection (p < 0.001) and by average stream width (p = 0.003) (R2 = 0.71 for both
variables). Average stream width (a surrogate for stream size) correlates with numerous ecological
variables, as described later.
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Table 2. Number of organisms (Num) and number of macroinvertebrate genera (Gen) collected from the Fourmile Branch (FMB), Lower Three Runs (LTR), Pen Branch
(PB), Steel Creek (SC), and Upper Three Runs (UTR) drainages with a Multiple Habitat Sampling Protocol (MHSP) and Hester–Dendy artificial substrate samplers
(HD). See Supplementary Table S1 for a list of genera.

Taxonomic Groups
FMB LTR PB SC UTR HD

(All Drainages)
MHSP

(All Drainages) Total
Numbers

Total
GeneraNum Gen Num Gen Num Gen Num Gen Num Gen Num Gen Num Gen

Turbellaria 4 1 1 1 0 0 1 1 4 1 10 1 0 0 10 1
Nematoda 0 0 0 0 0 0 0 0 2 1 2 1 0 0 2 1

Annelida-Hirudinea 6 2 1 1 21 1 0 0 35 2 4 3 59 4 63 6
Annelida-Lumbriculidae 1 1 0 0 0 0 0 0 0 0 1 1 0 0 1 1

Annelida-Naididae 179 5 9 1 226 3 165 3 80 3 406 5 253 3 659 5
Annelida-Tubificidae 12 1 11 2 24 2 71 1 40 2 28 1 130 2 158 2

Mollusca-Bivalvia 105 2 42 1 135 3 72 2 63 3 9 2 408 3 417 3
Mollusca-Gastropoda 119 12 123 6 181 10 157 10 183 11 177 11 586 13 762 16

Arachnida-Acari 282 1 190 1 49 1 229 1 79 1 332 1 497 1 829 1
Crustacea-Cladocera 3 1 0 0 0 0 2 1 0 0 5 1 0 0 5 1

Crustaceae-Amphipoda 95 2 26 2 91 2 29 2 38 2 118 2 161 2 279 2
Crustaceae-Decapoda 113 3 56 3 231 4 184 3 210 4 100 3 694 4 794 4
Crustaceae-Isopoda 3 1 20 1 55 1 18 1 23 1 17 1 102 1 119 1
Insecta-Collembola 1 1 0 0 4 1 8 1 5 1 18 1 0 0 18 1
Insecta-Coleoptera 230 15 103 8 226 19 232 16 1152 33 500 22 1443 35 1943 40

Insecta-Diptera-Chironomini 1284 13 619 10 1202 14 864 15 2110 21 3857 18 2222 22 6079 25
Insecta-Diptera-Orthocladiinae 881 16 496 14 1075 23 1306 16 1553 25 2937 24 2374 25 5311 28
Insecta-Diptera-Tanypodinae 246 11 189 11 247 12 189 9 647 15 675 12 843 15 1518 17
Insecta-Diptera-Tanytarsini 1113 4 1001 5 1154 5 996 6 1843 7 3997 6 2110 7 6107 8

Insecta-Diptera-other 471 14 44 8 307 13 370 11 970 22 752 19 1410 24 2162 28
Insecta-Ephemeroptera 581 16 407 16 1399 21 759 17 1520 23 2262 24 2404 24 4666 25

Insecta-Heteroptera 50 8 29 8 53 7 38 6 102 12 4 1 268 15 272 15
Insecta-Lepidoptera 236 1 18 2 83 2 94 1 723 1 59 1 1095 3 1154 3
Insecta-Megaloptera 23 3 43 4 40 3 12 3 121 4 102 4 137 4 239 4

Insecta-Odonata 334 22 197 10 606 18 636 17 1366 24 229 13 2910 27 3139 29
Insecta-Plecoptera 119 10 90 8 338 11 324 10 779 14 901 14 748 13 1649 16
Insecta-Trichoptera 622 18 365 12 830 19 845 19 2995 26 2563 24 3094 29 5658 29

Totals 7113 184 4080 135 8577 195 7601 172 16,643 259 20,065 216 23,948 276 44,013 312
Totals (insects only) 6191 152 3601 116 7564 168 6673 147 15,886 228 18,856 183 21,058 243 39,915 268

Num families 82 68 85 79 101 86 106 114
Num Insect families 61 53 66 61 79 63 83 87
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3.3. Effects of Sampling Effort and Site Selection on Estimates of Genera Richness

The effects of sampling effort on number of genera collected were investigated by calculating GACs
based on MHSP samples from 13 sites in the UTR drainage. These samples included 3161 organisms
representing 142 observed genera. The cumulative number of genera increased with sampling effort
expressed as number of sites sampled and organisms collected, although the rate of increase decreased
with effort, as is typical of taxa accumulation curves (Figure 2). Complete genera richness estimated by
the Chao 2 method was 169 (95% Confidence Limits = 154–201), about 19% more than observed.
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Figure 2. Genera accumulation curve for progressively greater numbers of individuals collected with a
multiple habitat sampling protocol (MHSP) from 13 sites in Upper Three Runs. Also shown are the
curves for seven sites selected randomly from the 13 (average of 10 random selections), the seven
largest sites (based on stream width) among the 13, and the seven smallest sites among the 13. Number
of individuals for the latter three curves was extrapolated to about 3160 individuals, the same number
represented by the 13 sites. Symbols represent averages for each pool of 1–13 sample sites.

The resulting average GAC for seven randomly selected sites was similar to the GAC for the
full data set when extrapolated to approximately 3160 organisms (the number in the full data set,
Figure 2). The average Chao 2 estimate for random site selection was 155 (95% CL = 143–167), slightly
less than the Chao 2 estimate for the full data set but about 9% more than the number of observed
genera in the full data set. The average for random site selection was compared to two nonrandom
site selections: one including the six largest sites (in terms of stream width) and the other, the six
smallest. When extrapolated to about 3160 individuals, the GAC for the six largest sites fell below
the GAC for the full data set, and the Chao 2 estimate (144, confidence interval = 121–194) was
somewhat less than the Chao 2 estimates for the full data set or random site selections. The GAC
for the seven sites in the smallest streams fell well below the GAC for the full data set, and Chao 2
estimated genera richness, 105 (101–118), was approximately 26% less than observed genera richness
for the full data set. These analyses showed that site selections biased toward small stream sites (i.e.,
headwaters) underestimated total genera richness because small streams supported fewer genera than
large streams, as previously discussed. However, selections biased toward large stream sites also
slightly underestimated total genera richness, despite the relatively high richness of these sites.

3.4. Genera Richness in Headwater and Lower Reach Streams

The combined HD and MHSP samples (all sites and years combined) indicated that UTR supported
193 genera. Its tributaries had fewer genera individually (97–121) but together supported 226 genera.
When GACs constructed separately for UTR and for all UTR tributaries (all tributaries combined) were
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rarified to the same number of individuals (i.e., 6338, the number collected from UTR), the difference
between UTR and the combined tributaries diminished, but the latter still remained more biodiverse
(209 genera compared with 193). The UTR tributaries included 72 genera not found in UTR, therefore
contributing to the UTR drainage basin total of 261 genera. The presence of unique headwater genera
likely contributed to the previously described reduction in estimated genera richness for the UTR
sample site selection biased toward large streams. The contribution of headwater genera to the drainage
total was also observed, although to a lesser degree, with the PB and SC drainages, each of which
included one sampled tributary. IGB, the tributary of PB, supported 21 genera not found in PB, and MB,
the tributary of SC, supported 24 genera not found in SC.

The presence of unique genera in headwater streams may be related to more heterogenous
macroinvertebrate assemblages. The heterogeneity of macroinvertebrate assemblages in tributary
streams compared with higher order mainstem reaches was examined by comparing Sorenson and
Jaccard dissimilarities among macroinvertebrate assemblages collected from sites in UTR tributaries
and UTR (MHSP and HD combined). The average Sorenson distance was 0.85 for the tributary sites
and 0.74 for sites in UTR, indicating somewhat greater heterogeneity in the former. Respective values
for Jaccard distance were 0.92 and 0.85. This pattern was repeated when all sample sites from all
streams were divided into headwaters (orders 1 and 2) and lower reaches (orders 3 and 4). Jaccard
and Sorenson distances for headwater were 0.83 and 0.72, respectively, compared with 0.77 and 0.64
for higher order sites, again indicating that assemblage heterogeneity was somewhat greater among
headwaters than lower stream reaches.

3.5. Effects of Sampling Duration on Estimates of Genera Richness

The effects of sampling duration were investigated with data from the five UTR sites that were
sampled during all five sample years. These included three headwater and two lower reach sample sites.
GACS were constructed for one through five years of cumulative sampling (Figure 3). All GACs were
extrapolated to about 10,000 organisms, the cumulative number of organisms collected over all five years,
to minimize apparent richness increases resulting solely from the collection of more organisms. Including
progressively more collection years resulted in increasingly steeper GACs, reflecting the inclusion of more
genera with years sampled. Chao 2 estimates of complete genera richness followed a similar pattern,
144 for one year, 168 for two, 219 for three, 259 for four, and 275 for five years.Diversity 2020, 12, x FOR PEER REVIEW 3 of 18 
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Figure 3. Genera accumulation curves for progressively greater numbers of individuals collected
with a multiple habitat sampling protocol (MHSP) from five sites in Upper Three Runs (UTR) that
were sampled repeatedly (1997, 2000, 2003, 2007, and 2017). Curves were constructed for one through
five years of cumulative sampling (i.e., 1997, 1997 plus 2000, etc.). All curves were extrapolated to
about 10,000 organisms, the number collected over all five years. Circles represent averages for each
pool of one to five sites, and dashed lines represent curve extrapolations.
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3.6. Comparison of UTR to Other Streams

UTR supported more macroinvertebrate genera (193) than other streams, but two other extensively
sampled streams, PB and FMB, supported nearly as many, 177 and 184, respectively (Table 1).
GACS were developed for these streams from the MHSP data to compare them independently of
sampling effort expressed as number of samples collected (Figure 4). When extrapolated to the same
level of effort, the estimated number of genera differed little among streams. Chao 2 estimates of the
complete number of genera in each stream followed a similar pattern with little difference among
estimates and strongly overlapping confidence intervals (Figure 4).
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Figure 4. Genera accumulation curve for progressively greater numbers of samples collected with a
multiple habitat sampling protocol (MHSP) from Fourmile Branch (FMB), Pen Branch (PB), and Upper
Three Runs (UTR). Also shown is complete richness for each stream (standard error bars) estimated
with the Chao 1 estimator.

4. Discussion

The accurate estimation of macroinvertebrate taxonomic richness on a stream reach or larger
scale depends on interrelated sampling issues operating at different spatial and temporal scales. First,
the well-known influence of local habitat factors such as substrate composition, current velocity,
depth, and instream structure (e.g., snags) necessitates a sampling methodology that represents all
microhabitats. The MHSP used herein was suitable because it employed multiple techniques to sample
the different and complex microhabitats in the streams under study. Similar protocols have been used
elsewhere to estimate taxa richness; these differ from methods that target specific habitats such as
riffles in hard-bottomed streams or snags in low-gradient streams [27,43]. The latter are appropriate for
comparing ecological conditions among streams (e.g., for pollution assessment) or assessing relative
richness among streams within specific habitats but not for estimating total richness on a larger scale.

Although superior to less comprehensive methods, even MHSPs may fail to collect some taxa,
suggesting the inclusion of additional sampling methods for a more complete count. The addition
of HD samplers to the protocol for SRS streams resulted in a 10% increase in the total insect genera
count (despite representing fewer genera in total than the MHSP). Other supplemental methods can
include light traps for sampling emerging aquatic insects or dredges for sampling soft substrates or less
accessible habitats in deeper water [44–46]. Supplemental methods can compensate for the inability of
MHSPs to collect genera from inaccessible habitats or may increase the taxa count simply by increasing
the number of collected individuals.

On a larger spatial scale, it is important to select sample sites that represent the range of habitat
heterogeneity within the stream under study. Failure to do so restricts the scope of inference to only the
habitat types represented by the sample sites. GACs showed that a random but representative subset
of sites from UTR produced a richness estimate roughly equivalent to the estimate produced by the full
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UTR data set. In contrast, a selection biased for small sites within the UTR drainage underestimated
genera richness, primarily because small streams within the UTR drainage generally supported fewer
genera than large streams. Selections biased for large streams, which were relatively genera rich,
produced estimates that deviated only slightly from estimates based on random site selection but lacked
taxa largely restricted to headwaters. Random site selections produced more accurate drainage-wide
estimates because they generally included a mix of headwater and lower reach sites. Previous research
on fish assemblage richness indicated that a stratified design including tributaries and higher-order
sites spaced relatively evenly over the stream network was even better than random site selection
because it provided a better and more consistent representation of habitat heterogeneity within the
study area [23]. It is likely that this conclusion also applies when assessing macroinvertebrate taxa
richness on whole-stream or drainage-basin scale.

Like the spatial scale of sampling, the temporal scale of sampling can have a large impact
on estimates of macroinvertebrate taxonomic richness. Spatial habitat differences within drainage
networks can enhance taxonomic richness through encounters with new species as sample area
increases and additional habitats are encountered. Increases in sampling duration can have similar
effects that increase with longer time scales that provide opportunity for faunal change. GACs
developed from UTR sites sampled five times over 20 years indicated that progressively more taxa
were collected with number of years sampled, with the total for five years being about 60% greater
than the total for one year (Figure 3). Increased sampling effort with accompanying increases in the
number of collected individuals likely contributed to this increase. However, increases in Chao 2
estimates with number of sample years and differences among GACs when extrapolated to the same
number of individuals suggested that ecological factors also contributed to the observation of more taxa.
Research on temporal changes in stream macroinvertebrate assemblages indicates species persist over
time, resulting in relatively stable taxa richness, particularly in stable environments [47,48]. However,
relative abundance is prone to greater changes over time than species’ occurrence due to fluctuations in
taxa population sizes associated with hydrological events, climate variations, and other environmental
factors [48–50]. Sampling over several years may provide a more complete representation of taxa
richness because taxa that fluctuate in population size may be overlooked except in years of relatively
high abundance when they are more likely to be collected.

Embedded in all aspects of spatial and temporal sampling design and sampling methodology is
the issue of sampling effort, which determines the number of organisms collected. The likelihood of
encountering more taxa with more collected individuals is a well-known statistical effect of increasing
sampling effort that underpins taxa accumulation curves. Sampling effort, expressed as total number
of macroinvertebrates collected or sites sampled, had a stronger influence on genera richness at
the level of individual sample sites and entire streams than any other single factor in this study.
Sampling effort, with its concomitant increase in number of collected individuals, grows with designs
that sample more microhabitats, more sites, and more years. Its statistical effects cannot be readily
separated from ecological processes that contribute more macroinvertebrate taxa as more habitats are
sampled and faunas change with time. Therefore, effective sampling designs for macroinvertebrate
taxa richness need to encompass ecological factors (e.g., habitat diversity) as well as the associated
effects of sampling effort on the likelihood of encountering new taxa. These effects will vary with
macroinvertebrate community composition and aquatic habitat structure and should be investigated
with taxa accumulation curves and richness estimators that provide insights on the effects of sampling
design (e.g., site selection) and level of effort on the approach of taxonomic richness to an asymptote.

Stream size influenced macroinvertebrate taxonomic richness in this study, as also shown in
other studies [51–53]. Stream width was a significant predictor of taxonomic richness, and number of
genera increased with stream width within the range of widths under study. There are a variety of
ecological changes that occur as stream size increases with progression from headwater to lower stream
reaches. These include numerous physical and chemical variables that determine the availability
of allochthonous and autochthonous food sources, environmental variability, and physical habitat
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structure for benthic organisms. They result in peak macroinvertebrate taxonomic richness in streams
of intermediate size where habitat diversity and environmental variability is high and functional
niches numerous. Our results are in accord with the RCC [13], although the RCC does not explain all
factors that contributed to richness in SRS streams. The presence of unique genera and heterogeneous
assemblages in headwater streams likely resulted from the inclusion of a variety of habitats that differed
from those in lower-order streams [14]. The presence of distinctive taxa and diverse assemblages
in higher order reaches increased overall drainage biodiversity and may have increased richness in
higher-order, downstream reaches through emigration (e.g., drift).

An important reason for documenting macroinvertebrate taxa richness is to identify sites of
unusual biodiversity that can serve as reference sites for comparison with other streams and provide
baselines for documenting long-term changes in ecosystem integrity. Our data suggest that SRS streams
support high levels of macroinvertebrate biodiversity compared with other streams of comparable
size and corroborate previous studies showing that UTR supports an unusual biodiversity of aquatic
insects. Morse et al. [45,46] collected at least 551 species and 276 genera of aquatic insects from the
UTR drainage in multiple collections made during September 1976–August 1977. This was the highest
insect richness for any North American stream of comparable size at the time. This genera total was
somewhat greater than ours (228), but they collected over 34,000 specimens, more than twice what we
collected, suggesting that differences in sampling effort may have contributed to the disparity between
studies. Morse et al. [45,46] employed semi-quantitative benthic sampling techniques resembling
the MHSP but also used light traps to collect insect taxa. In a later study, Floyd et al. [54] identified
93 species of caddisflies (Trichoptera) from UTR, further attesting to the biodiversity of UTR.

Insect richness observed by us in the UTR drainage, 15,886 specimens representing 228 genera
and 79 families, compares well with diversity in other intensively sampled drainages, again suggesting
UTR’s importance as a reference area and potential baseline for evaluating changes in biodiversity
as global change continues. Henriques-Oliveira and Nessimian [55] reported 216 insect taxa (mostly
genera) in 83,000 specimens collected from 18 tributaries of the Manbucaba River in the Brazilian
Atlantic rainforest. Prommi and Payakka [56] reported 59 families among 8982 insects collected
from five sites sampled multiple times in the Mae Tao and Mae Ku watersheds of northern Thailand,
and Maneechan and Prommi [57] reported 64 families among 11,153 insects collected from six sites
sampled multiple times in the Mae Klong watershed of Western Thailand. Voelz and McArthur [19]
compared insect species richness among UTR and six other intensively sampled streams on four
continents. They found only one stream with greater insect species richness than UTR: Breitenbach,
a small stream that would be expected to support fewer taxa than UTR based on size (drainage area of
8 km2 compared with 571 km2 for UTR). Voelz and McArthur [18] suggested that varied inorganic
substrates together with zoogeographic factors contributed to Breitenbach’s diversity. However,
Breitenbach was sampled much more than other streams (3000 samples over 25 years), suggesting that
sampling effort may have contributed to its high richness.

Voelz and McArthur [18] hypothesized that ecological factors including productivity and habitat
heterogeneity were largely responsible for UTR’s unusual taxonomic richness. These factors include
numerous functional niches created by diverse sources of allochthonous and autochthonous productivity
(i.e., macrophyte beds, leaf and woody matter contributed by seasonally inundated riparian forests,
and periphyton) and abundant snags coupled with low flow variability that create habitat diversity.
Furthermore, UTR was not subjected to recent glaciation or ocean inundation, permitting an increase
in species richness with time. Some of these attributes likely apply to other taxonomically rich SRS
streams; e.g., the number of macroinvertebrate genera in PB and FMB was about as great as in UTR
when adjusted for sampling effort (Figure 4). Genus and family richness generally correlate well
with species richness, suggesting that these patterns observed among SRS streams at the genus level
likely represented patterns at the species level. Marshall et al. [58] found that species richness of
stream macroinvertebrates was well represented by genus richness, and Growns and Growns [59]
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found that number of families explained 91% of the species richness in macroinvertebrates from
Australian streams.

The preceding findings with macroinvertebrates parallel findings with fish. Paller [23] found
that fish species richness in UTR was higher than in other SRS streams, but all SRS streams had
higher richness than most North American streams. He attributed this to greater instream habitat
diversity, less disturbed land coverage, more forested land, and proximity to species-rich source pools.
Many of these qualities are linked to the unusual status of the SRS as a large, mostly undeveloped
reservation without agricultural or residential land use since 1951. Former use of some SRS streams
(e.g., Fourmile Branch) for industrial purposes including transport of high-temperature cooling water
largely ceased in the 1980s, permitting habitat recovery through secondary succession and recovery
of aquatic communities under conditions largely free from human disturbance. The status of some
SRS streams makes them comparatively unique and suitable as potential ecological reference models
representing least-disturbed conditions for comparison with other streams and for charting the progress
of ecological change over time.

5. Conclusions

This study showed that estimates of macroinvertebrate taxonomic richness are strongly influenced
by three interrelated factors: number of organisms collected, number and distribution of sampling
sites, and duration of sampling. The number of organisms collected is important because of the
well-understood statistical probability of encountering more taxa with the observation of more
individuals. However, full representation of biodiversity requires a spatial distribution of sample sites
that represents all habitats. On a small scale, this means a sampling methodology that represents all
microhabitats and, on a large scale, a sampling design that includes all habitats within the stream
continuum under study. Complete representation of biodiversity also necessitates sufficient time to
encompass annual fluctuations in abundance that affect the susceptibility of different taxa to collection.

Our results support both the RCC and stream network theory, the former indicated by the
correlation between stream size and taxonomic richness and the latter by the identification of unique
taxa in headwater streams that contributed to drainage wide diversity. It is likely that other unexplored
factors also contributed to the complexity and taxonomic richness of the macroinvertebrate assemblages
in SRS streams. Although UTR was the most biodiverse SRS stream, some other SRS streams were
nearly comparable. SRS streams are relatively unique in the southeastern USA in supporting high
biodiversity and being minimally exposed to anthropogenic disturbance, in some cases since 1951.
These unusual features make them valuable as reference models for comparison with other streams
and potential baselines for assessing the effects of environmental changes on lotic biodiversity.
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Table S1: Macroinvertebrate genera collected from Fourmile Branch (FMB), Lower Three Runs (LTR), Pen Branch
(PB), Steel Creek (SC), and Upper Three Runs (UTR) drainages with a multiple habitat sampling protocol (MHSP)
and Hester–Dendy artificial substrate samplers.
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