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Abstract. Parataxonomists are responsible for taxonomic identifications in large-scale biodiversity moni-
toring programs. However, they may lack formal taxonomic training, and thus, quantifying error rate in
identification is paramount for evaluating data quality of larger biomonitoring efforts. In large-scale
biomonitoring in particular, parataxonomist error rate could vary among regions with different species
richness and composition. Here, we tested whether error rates in identification of ground beetles (Coleop-
tera: Carabidae) by parataxonomists increased in regions with greater species richness throughout the
National Ecological Observatory Network (NEON), a national biomonitoring network spanning the Uni-
ted States. We compared identifications made by both parataxonomist and experts of 33,516 specimens col-
lected between 2013 and 2017 from 18 ecoclimatic regions and analyzed error rates across ecoclimatic
regions as a function of total richness identified by taxonomic experts. We then compared the additional
level of taxonomic support that would be required to resolve identifications to species-level identifications.
We demonstrated the extent to which parataxonomist error rate can affect interpretation of common objec-
tives of biomonitoring results, such as comparisons of species richness between ecoclimatic regions and
capacity to identify target species of interest such as non-indigenous species. Overall parataxonomist error
rate was 11.1% and did not increase in regions with greater species richness. Expert taxonomists were
required to resolve parataxonomist identifications to species in an additional 16% of specimens. With an
average error rate of 11.1%, species richness estimates based on parataxonomists generally mirrored rich-
ness determined by experts. However, parataxonomist error rates as low as 5% were sufficient to misrepre-
sent the gradient of species richness across ecoclimatic regions. Parataxonomist errors also led to false
detection/missed detections of non-indigenous species. As error rates were not influenced by increasing
species richness, our study suggests that parataxonomists may be used consistently in large-scale biomoni-
toring efforts to amplify the abilities of taxonomists by increasing the quantity and speed in which speci-
mens are processed. However, our study also highlights that due to parataxonomist limitations, a subset of
their materials must be regularly verified by professionals to ensure the quality of data collected.
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INTRODUCTION

Comprehensive and accurate biodiversity
monitoring is essential for documenting decline
and loss of species (Pereira et al. 2005) but can be
difficult to implement over large spatial scales or
long-term timeframes. As a consequence,
national-scale monitoring efforts have been slow
to develop. However, such programs are in place
for several countries including the United States,
Sweden, and Denmark (Friberg et al. 2005, St�ahl
et al. 2011, Kao et al. 2012). In addition to exten-
sive logistical challenges related to sampling and
data collection, large-scale monitoring programs
face significant constraints related to the avail-
ability of taxonomic expertise and timely identifi-
cation of the large number of specimens collected
(Gewin 2002, Abadie et al. 2008, Didham et al.
2013). These limitations have led to the use of
parataxonomists in large-scale biodiversity mon-
itoring of speciose taxa such as terrestrial inverte-
brates (Janzen 1991, 2004, Oliver and Beattie
1993, Derraik et al. 2002).

Parataxonomists do not hold formal academic
training often associated with expert taxonomists
and are responsible for the initial determination
of specimens in monitoring programs. Paratax-
onomists typically learn to identify specimens by
working through collected material with the aid
of reference collections, database images, and
published identification materials, often with
limited formal instruction or oversight by taxo-
nomic experts (Janzen 1991, 2004, Janzen et al.
1993). Parataxonomists have been implicated in
biodiversity monitoring efforts encompassing a
variety of invertebrate taxa including moths and
butterflies (Janzen 1988, 2000, Janzen et al. 1993,
1998, Janzen and Hallwachs 2011), leaf-chewing
and sap-sucking insects (Novotny and Basset
1998, 1999, Basset et al. 2000, 2001, Novotny
et al. 2002), ants (Oliver and Beattie 1993, Long-
ino and Colwell 1997), spiders (Oliver and Beat-
tie 1993), aquatic macroinvertebrates (Cranston
and Hillman 1992, Fore et al. 2001), and para-
sitoids (Schauff and Janzen 2001).

In 2013, a national-scale biodiversity monitor-
ing program was initiated throughout 18 ecocli-
matic zones (termed domains) throughout the
United States as part of the National Ecological
Observatory Network (Kao et al. 2012, Schimel

2013, NEON 2018). Within this program, ground
beetles (Coleoptera: Carabidae) are one group of
study (Hoekman et al. 2017). Ground beetles are
often chosen for biodiversity monitoring pro-
grams because they are easily sampled, they are
implicated in a wide range of ecological func-
tions, and they often respond rapidly to environ-
mental changes (Work et al. 2008, Kotze et al.
2011, Cameron and Leather 2012). Relatively
low-cost sampling schemes involving pitfall trap-
ping frequently result in a large sample size and
relatively long species lists. As with other large-
scale monitoring efforts, the initial identifications
of ground beetle specimens collected by NEON
staff are made by parataxonomists.
While the work of parataxonomists can result

in accurate identifications (Basset et al. 2004, Jan-
zen and Hallwachs 2011), there will necessarily
be limitations. Increased sampling in an exten-
sive biodiversity monitoring scheme will likely
encounter undescribed species or rarer taxa that
may not be included in regional keys or reference
collections provided to parataxonomists. In addi-
tion, unlike expert taxonomists, parataxonomists
do not benefit from an extended period of taxo-
nomic training before they are employed to begin
identifications. For these reasons, paratax-
onomists are expected to have error rates in iden-
tification that are higher than expert taxonomists.
Parataxonomists are additionally expected to
encounter higher instances of limitations in their
abilities to identify a specimen to species, restrict-
ing some identifications to a broader taxonomic
rank, such as genus or family level. However,
despite the limitations, the use of paratax-
onomists may allow large-scale biodiversity
monitoring programs to process a larger quantity
of specimens more quickly than relying on expert
taxonomists alone. This distinction will become
increasingly important as the need to monitor
serious threats to biodiversity, such as introduc-
tion and spread of invasive species, gains atten-
tion (Karatayev et al. 2009, Kenis et al. 2009).
Here, we report on the overall accuracy of

parataxonomists, as well as the cumulative limi-
tations in parataxonomist identifications (those
which are only identified to family or genus
level), of ground beetles collected throughout
NEON. We hypothesized that identification error
rate by parataxonomists would increase in more
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species-rich domains as would parataxonomist
limitations in identifications.

MATERIALS AND METHODS

Ground beetle collection and identification
We evaluated accuracy of parataxonomist

identifications from specimens collected between
2013 and 2017 which were sampled across 18
domains of the NEON project. Sampling periods
varied among domains depending on seasonal
constraints on carabid activity. In each domain,
ground beetles were sampled from either two or
three sampling sites using 40 pitfall traps per site
(Fig. 1). The NEON project provides paratax-
onomists with a series of detailed protocols
describing the procedure by which samples

should be collected and processed (LeVan et al.
2018). In brief, samples are collected on a
biweekly basis throughout the growing season at
each site. Samples are collected and sorted by
temporary field technicians to separate non-cara-
bid invertebrate and vertebrate bycatch from
ground beetles. For each sample, all ground bee-
tles then receive further identifications by
parataxonomists.
National Ecological Observatory Network

parataxonomists hold at a minimum a bachelor’s
degree in ecology, environmental sciences, or a
related scientific discipline and have one or more
years of relevant experience. However, staff may
not have any specific entomology or taxonomy
training prior to working at NEON. Training in
carabid identification largely occurs on the job

!(

!(

!(!( !(

!(

!(

!(

!(
!(!(

!(!( !(

!(!(

!(

!(
!(
!(

!(!(!(

!(
!(!(

!(

!(

!(

!(

!(

!( !(

!(

!(!(

!(!(!(

15-Great Basin

9-Northern Plains
5-Great Lakes

8-Ozarks Complex

1-Northeast

6-Prairie Peninsula

3-Southeast
11-Southern Plains

10-Central Plains

2-Mid Atlantic

14-Desert 
Southwest

13-Southern Rockies &
Colorado Plateau

12-Northern 
Rockies

17-Pacific 
Southwest

16-Pacific 
Northwest

7-Appalachians &
Cumberland Plateau

4-Atlantic
Neotropical

!(

20-Pacific 
Tropical

!( NEON Terrestrial Field Sites

NEON Ecoclimatic Zones

0 500 km

0 100 km 0 50 km

Source: NEON, 2018 | Projection: NAD 1983 NALCC | Author: CFR, 2019

!(!(
0 50 km

Service Layer Credits: Esri, HERE, DeLorme, MapmyIndia, © OpenStreetMap contributors, and the GIS user community

!(

!(

!(

!(
!(

19-Taiga

18-Tundra

0 200 km

Fig. 1. Distribution of ecoclimatic zones and field site locations for the National Ecological Observatory Net-
work project.

 ❖ www.esajournals.org 3 April 2020 ❖ Volume 11(4) ❖ Article e03035

EGLI ET AL.



and is supplemented by access to regional keys,
identification guides, and access to local refer-
ence collections of verified specimens. After iden-
tification by a parataxonomist, a subset of
identified carabids are pinned and sent to expert
taxonomists for verification. In the initial phases
of the program, NEON allocated funds for sec-
ondary verification of 36% of parataxonomist-
identified specimens by expert taxonomists.

Expert taxonomists are individuals who hold a
PhD in entomology, trained in taxonomy/system-
atics of ground beetles, and have robust publish-
ing records demonstrating their expertise in the
field of carabid systematics. Once verified by
expert taxonomists, a subset of confirmed speci-
mens for each species are returned annually to
parataxonomists to expand local reference collec-
tions.

Data treatment
We downloaded 841 zipped data files from

the NEON data portal (http://data.neonscience.
org) on 1 April 2019. These zip files contained
monthly ground beetle collection data from
each NEON site sampled from 2013 to 2017.
Each.zip file contains multiple files. For our
analysis, we used only.csv files pertaining to
parataxonomist identifications which were sub-
jected to expert validation. We then merged.csv
files into two consolidated files. As of 1 April
2019, the parataxonomist files contained 48898
records of parataxonomist-identified, pinned
specimens. Expert taxonomist data initially con-
tained 33,567 records of verified pinned speci-
mens; however, 41 duplicate pairs of records
were present in the data. We were able to
resolve 31 duplicate pairs by deletion. The
remaining 10 duplicate pairs could not be
resolved because of multiple, conflicting identi-
fications by experts and were removed from the
dataset. The final corrected expert dataset con-
tained 33,516 records. It is important to note
that these data represent a subset of the entire
NEON ground beetle dataset. At the time of
writing this paper, there were an additional
50,000+ carabid specimens identified by
parataxonomists stored in ethanol and not sub-
ject to secondary review by experts. For this
study however, we used only the 33,516 records
of individuals validated by taxonomic experts
to assess the accuracy of parataxonomists.

Quantifying parataxonomist error rate and
relative contribution of expert taxonomists
We compared inconsistencies in taxonomic

identifications made by parataxonomists and
experts on the same specimens. Inconsistencies
can derive from either limitation in the taxo-
nomic skill of the parataxonomist or wholly
erroneous taxonomic assignments made by the
parataxonomist. We defined taxonomic limita-
tion as any case where a parataxonomist
made an identification at a broader taxonomic
resolution (such as genus), which was later
resolved to a finer level by the expert (such
as species). We defined taxonomic error as
cases where parataxonomists assigned a speci-
men the incorrect family, genus, species, or
subspecies, which was later corrected by
experts.

Evaluating implication of parataxonomist errors
on biodiversity monitoring objectives
We evaluated the implications of paratax-

onomist error rates by comparing unverified
identifications (parataxonomist data) with veri-
fied identifications (expert data) to address two
common goals of biodiversity monitoring: (1)
comparisons of regional differences in species
richness and (2) capacity to detect changes in
taxa of interest such as changes in the occur-
rence of introduced species. We compared rank
order of species richness among NEON
domains using unverified and verified identifi-
cations to detect discrepancies or reversals in
domain ranks and to determine the level at
which parataxonomic error rate would be suffi-
ciently high to obscure actual trends in rich-
ness among regions. We also compared the
capacity to detect differences in the number of
non-indigenous ground beetles using NEON
data by comparing verified and unverified
identifications across ecological domains. Non-
indigenous species of ground beetles were
determined by Bousquet (2012). We consider
comparisons of the number of non-indigenous
individuals to be a finer scale application of
the NEON data where the relative abundance
of a non-indigenous species may dictate policy
actions (i.e., quarantine or control measures). It
is important to note that at present we are
unaware of any quarantine/control measures
prescribed for adventive ground beetles.
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Rather, we use this as a test case to relate
parataxonomist error rate to a possible applica-
tion of large-scale monitoring data.

Statistical analysis
Parataxonomist error rate (ratio of erroneous

parataxonomist identifications to total specimens
collected) and the limitation rate (ratio of par-
tially identified specimens to total specimens col-
lected) were analyzed using a beta regression
model. Beta regression has been recommended
for analyzing percentage data (Ferrari and Crib-
ari-Neto 2004). Our analysis was carried out in R
3.5.1 and RStudio 1.1.456 using the package
betareg (Cribari-Neto and Zeileis 2010, R Core
Team 2018). To describe implications of paratax-
onomist errors for comparisons of species rich-
ness, we compared differences in rank-order
correlation between the number of species identi-
fied by parataxonomists and experts across
domains using Kendall’s tau (Noether 1981, R
Core Team 2018).

We observed three domains which relied
heavily on expert taxonomists to identify spec-
imens to the species level (D15, Utah; D18
and D19, Alaska) and two domains with
extreme error rates in identification (D04,
Puerto Rico; D17, California). In these cases,
we judged parataxonomic limitations and error
rates to be caused by factors other than spe-
cies richness observed within a domain. In the
case of D04, high error rates in identifications
were attributed to repeated misidentifications
of Discoderus, a particularly difficult genus to
identify due to an absence of recent, revised
taxonomic keys to species or any recent
descriptions (Bousquet 2012, P. Messer, personal
communication). High error rates at D17 were
attributed to the short timeframe of sampling,
and the extremely small quantity of specimens
was collected. It is likely that D17 had not yet
been provided comparable identification
resources, such as a local reference collection.
At D15 (Utah), D18 and D19 (Alaska) unusu-
ally high numbers of specimens were identi-
fied to family only (D15) or genus only (D18/
19), indicating significantly less energy spent
on specimen identifications in these regions as
compared to others. For these reasons, these
domains were removed from our beta regres-
sion model as outliers.

RESULTS

After removing outliers, parataxonomist error
rate did not significantly increase with greater
overall species richness within a domain (Fig. 2).
Overall errors in identification at family, genus,
species, or subspecies level were 11.1% (�9.2%
standard error [SE]). Errors occurred most fre-
quently within the genera Pterostichus, Cyclotra-
chelus, and Harpalus. Taxonomic limitations of
parataxonomist at family, genus, or species level
affected an additional 16% (�10.8% SE). How-
ever, when subspecies identifications were
excluded, limitations accounted for only an addi-
tional 11.6% (�8.7% SE) of specimen identifica-
tions. Limitations in parataxonomist
identifications occurred most frequently within
Pterostichus, Amara, and Harpalus.
A total of 33,516 specimens identified by

parataxonomists were verified by experts
(Table 1). In 1536 instances (4.6% of identifica-
tions), expert taxonomists were unable to pro-
vide species names for specimens. Only five of
these were listed as unidentifiable due to dam-
aged specimens. Species-level identifications of
32 individuals, identified as Pterostichus, Loxan-
drus, Amara, and Brachinus, were hindered by life
stage of the specimens (teneral or immature).
Four-hundred twenty-eight individuals (410
Pterostichus, 6 Rhadine, and 12 Selenophorus) were
described as new taxa to be included in forth-
coming manuscripts by taxonomic experts con-
tracted by the NEON project. Remaining
specimens, in some instances, were characterized
with reference to other species or by distinctive
morphological characters. The majority of speci-
mens that were unable to be resolved to species
by the expert taxonomists (85%) came from four
domains (D04, Puerto Rico; D02, Maryland/Vir-
ginia; D14, Arizona/New Mexico; and D13, Col-
orado/Utah).
Species richness determined by paratax-

onomists generally mirrored richness determined
by experts (Kendall’s tau = 0.88; Fig. 3). How-
ever, a comparatively low error rate did not nec-
essarily indicate an accurate estimation of species
richness. In D18 (Alaska), average error rate in
identification was relatively low (6.3%) but spe-
cies richness was underestimated by 50%. In con-
trast, higher average error rates found at D14
(Arizona/New Mexico, 28.8%) underestimated

 ❖ www.esajournals.org 5 April 2020 ❖ Volume 11(4) ❖ Article e03035

EGLI ET AL.



Fig. 2. Taxonomic limitations and error rates of parataxonomists by species richness. Domains which were
removed from the beta regression model as outliers are denoted with a red diamond. After removal of outliers,
the relationship between relative limitations of parataxonomist identifications and number of taxon had a slope
of 0.002 (�0.006) with a nonsignificant P-value of 0.766. The relationship between relative error rate of paratax-
onomist identifications and number of taxon also had a slope of 0.008 (�0.006) and nonsignificant P-value of
0.149.

Table 1. Domain site locations by state, trapping effort, specimen abundance, richness, limitations in paratax-
onomist identifications at family, genus, and species-level, and incorrect parataxonomist identifications sepa-
rated by errors at family, genus, species, and subspecies level by domain.

Domain Location
Trap
days†

Total
specimens

Total
taxon

Limitations Error

Family Genus Species Total Family Genus Species Sub-species Total

D01 MA,
NH

41,977 2991 40 144 3 336 483 4 0 300 0 304

D02 MD, VA 59,425 5289 117 170 302 12 484 0 0 134 6 140
D03 FL, GA 71,158 1562 76 0 101 4 105 0 66 175 0 241
D04 PR 27,874 600 14 0 3 0 3 0 3 582 0 585
D05 MI, WI 39,594 3729 61 209 5 3 217 0 0 167 10 177
D06 KS 39,018 2059 98 145 49 240 434 3 41 587 21 652
D07 VA, TN 41,258 2694 94 89 188 32 309 1 80 213 75 369
D08 AL 45,752 1575 81 272 5 92 369 1 0 296 31 328
D09 ND 32,455 1827 110 527 9 1 537 0 0 118 28 146
D10 CO 45,940 5188 99 557 263 190 1010 0 1 128 0 129
D11 OK, TX 32,187 750 70 0 39 7 46 0 6 84 0 90
D13 CO, UT 26,420 2250 48 279 120 417 816 0 1 69 2 72
D14 AZ, NM 34,829 733 42 25 196 2 223 0 17 194 0 211
D15 UT 16,758 608 15 345 37 29 411 0 0 19 0 19
D16 OR, WA 6966 503 38 3 26 60 89 0 2 27 3 32
D17 CA 9238 253 12 0 17 0 17 0 20 134 0 154
D18 AK 2226 522 14 0 419 0 419 0 11 1 21 33
D19 AK 16,818 383 31 0 192 0 192 0 1 29 1 31
Total 589,893 33,516 1060 2765 1974 1425 6164 9 249 3257 198 3713

† Total number of days sampled by each trap within a domain.
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species richness by only 2.4%. In several cases,
parataxonomist errors affected the order of spe-
cies richness among regions. In the most severe
case, overestimation of species richness by
parataxonomists at D07 (California; 110 paratax-
onomist-identified species, 94 species confirmed
by experts) incorrectly indicated D07 to have a
higher species richness than three other domains
(D06 [Kansas; 98 confirmed species], D10 [Color-
ado; 99 confirmed species], and D09 [North
Dakota; 110 confirmed species]). However, a
parataxonomist error rate as low as 4.8% was
also sufficient to misrepresent larger gradients in
species richness, falsely concluding that D05
(Michigan/Wisconsin) had higher richness than
D11 (Oklahoma/Texas).

The distribution of non-indigenous species
was fairly consistent between parataxonomist
and expert taxonomists. Non-indigenous species
were correctly identified by parataxonomists at
all sites in which they were present with the
exception of one instance of Pterostichus mela-
narius melanarius (Illiger) at D10 (Colorado) and
single specimens of Bembidion lampros (Herbst) at

D16 (Oregon/Washington) and D17 (California).
In these three instances, non-indigenous species
were misidentified as native species, incorrectly
indicating that invasive species were absent in
these locations. Parataxonomists also erro-
neously identified three individuals of Amara lin-
drothi Hieke (a native species) as Amara apricaria
(Paykull) (an invasive species) at D13 (Colorado/
Utah) and incorrectly identified four instances of
Amara flebilis (Casey; a native species) as Amara
aenea (DeGeer) and Amara familiaris (Duftschmid;
invasive species) at D06 (Kansas). In these cases,
parataxonomists indicated a presence of non-
indigenous species where they were actually
none. In addition, in two instances where
parataxonomists correctly identified the presence
of non-indigenous species at a site, the abun-
dance of the non-indigenous species population
was significantly underestimated. Abundance
was over 400% higher in P. melanarius melanarius
at D09 (North Dakota) and D05 (Michigan/Wis-
consin) when expert taxonomist identifications
were compared to the identifications made by
parataxonomists.

Fig. 3. Comparison of species richness identified by parataxonomists and expert taxonomist across 18 ecologi-
cal domains at the National Ecological Observatory Network project. Solid line is a reference line which indicates
whether parataxonomists over- or underestimated total species richness reported by expert taxonomists. Blue
and red regions correspond with 10% and 30% difference between parataxonomist and expert species richness.
Domains which were removed from the beta regression model as outliers in parataxonomist error rates are
denoted with a red diamond.
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DISCUSSION

Accuracy and limitations of parataxonomist
identifications

Contrary to our initial hypothesis, paratax-
onomist error rate for ground beetle identifica-
tion was consistently 11% across regions and did
not increase with increasing ground beetle spe-
cies richness. Other studies that have relied on
parataxonomists for arthropod identifications
have reported similar error rates; however, for-
mal verifications of parataxonomist error rates
are limited. For example, in a study of paratax-
onomist identification capabilities in Australia,
Oliver and Beattie (1993) reported error rates of
identification of topical ants at 6% and spiders at
13%. In Oliver and Beattie’s study, paratax-
onomists received only three hours of initial
training from Oliver, who was previously trained
by an experienced taxonomist, and were pro-
vided with a reference collection of specimens.
Parataxonomists identified 1850 spider and 1233
ant specimens to recognizable taxonomic units
(RTUs) rather than formal taxonomic classifica-
tions. Parataxonomists identified specimens of
these taxa into 136 RTUs, which were later re-
verified by professional taxonomists as 126 dif-
ferent species. Parataxonomists at NEON are
provided with similar resources as in Oliver and
Beattie’s study, often receiving initial training
from fellow parataxonomists located at the same
domain, and are provided a local reference col-
lection. Unlike Oliver and Beattie however,
NEON’s parataxonomists are instructed to iden-
tify specimens to the lowest taxonomic rank pos-
sible given their capabilities and are provided
with any taxonomic keys available for the region.
Considering the comparable error rates between
the two methods, identifying specimens directly
to recognized taxonomic classifications, where
taxonomic keys are available, rather than RTUs
may speed accessibility of the data and decrease
reliance on expert taxonomists to translate RTU
identifications into formally recognized classifi-
cations.

Inability to resolve specimens to the lowest
taxonomic rank including subspecies was a sig-
nificant restriction across the NEON paratax-
onomist data and affected 16% of the
identifications. However, limitations for species
identifications affected only 11.6%. We expect the

number of individuals left at a higher taxonomic
rank to decrease with time as the local teaching
collections and identification references grow. As
this report covers the earliest NEON data avail-
able, we expect these numbers should improve
over time as identification resources accumulate
and taxonomist feedback corrects identification
errors. It is important to note that expert tax-
onomists also suffered from limitations which
are inherent to large-scale biodiversity monitor-
ing projects, such as the collection of little stud-
ied or undescribed species. The inability of
professional taxonomist to identify specimens to
species affected 4.6% of the specimens sent for
verification. As a result, it is unlikely that
parataxonomists will achieve perfect accuracy.

Limitations of data derived by parataxonomists
Parataxonomist error rates, if sufficiently large,

could impact conclusions drawn from biomoni-
toring programs. Correct assessment of species
richness among ecoregions is arguably one of the
most basic applications of NEON data. With an
average identification error rate of 11%, paratax-
onomist and expert assessments of species rich-
ness among domains were relatively consistent.
However, in some cases, conclusions regarding
species richness among domains based solely on
parataxonomist data would misrepresent species
richness among regions. In these cases, nuanced
questions and comparisons, such as which com-
munity has a higher proportion of rare species,
may prove unreliable. In addition, these misrep-
resentations could affect efforts to accurately
identify regions with the highest biodiversity, a
common conservation strategy (Myers et al.
2000). However, error rates in species identifica-
tion do not necessarily have to affect estimations
of species richness if parataxonomists can accu-
rately identify specimens to morphospecies. In
cases like D04 (Puerto Rico), where identification
resources are limited, parataxonomists may still
produce accurate estimations of the species rich-
ness regardless of errors in species-level identifi-
cations through the use of RTUs rather than
attempting to identify individuals directly to spe-
cies (Basset et al. 2000).
Differences in species richness among ecore-

gions were likely affected by differences in sam-
pling intensities. The three regions with the
highest verified species richness (D02, Maryland/
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Virginia; D09, North Dakota; and D10, Colorado)
also had relatively high sampling intensity. In
contrast, ecologically diverse regions such as D16
(Oregon/Washington) and D17 (California) had
relatively limited trapping effort and low species
richness. We anticipate that with further sam-
pling, species richness will increase in ecoregions
with longer sampling seasons and those with
increased landscape heterogeneity. For example,
D02, which had one of the most intense sampling
efforts and the highest species richness, also con-
tained a wide variety of sampled habitat types
including cultivated crops, pasture lands, ever-
green and deciduous forests, and an area border-
ing a coastal inlet.

Finer scale applications of NEON biomonitoring
data to detect non-indigenous species were also
affected by parataxonomist error rates. Paratax-
onomists produced a reasonably accurate distribu-
tion map of invasive ground beetle species across
the United States which was sufficient to gather a
coarse picture of non-indigenous carabid distribu-
tions. However, the numbers of invasive carabid
populations were underestimated in multiple loca-
tions and missed entirely in several others. In these
cases, conclusions drawn from this data could mis-
lead strategies related to the monitoring and/or
control of invasive species. In many cases, the
timely identification of invasive species is para-
mount in preventing these individuals from form-
ing established populations which become
increasingly challenging to eliminate (Anderson
2005). By failing to enact necessary control proce-
dures in areas which are invaded by non-indige-
nous species, but do not appear so according to
parataxonomist identifications, unchecked popula-
tions of invasive species could negatively affect
native biodiversity (Crowder and Snyder 2010,
Caffrey et al. 2014).

Optimizing oversight by expert taxonomists
Our study made use of a relatively large num-

ber of identifications made by NEON paratax-
onomists which were verified by experts.
Intensive verification is prudent in the initial
phases of a project but is likely infeasible over
the long term. Establishment of local resources
(species keys, teaching collections, species lists,
etc.) may reduce the need for secondary verifica-
tion by experts. In order to optimize oversite of
expert taxonomists, verification of a small

subsample of specimens with a focus on particu-
larly cryptic or specious groups (e.g., Pterostichus,
Harpalus, Amara) may be sufficient to assess
parataxonomist error rates. Oliver and Beattie
(1993) examined a subset of 10 random speci-
mens per RTU identified by parataxonomist to
analyze whether a subset of the data could esti-
mate with reasonable precision parataxonomist
accuracy. This subset, 16% of their total spider
and ant collections, was found to capture 98.6%
of the species collected in the full study. Never-
theless, some degree of taxonomic feedback
should continue throughout even the latter
stages of a large-scale study to address rare or
cryptic species which are collected infrequently.
Continuing taxonomic feedback will also be par-
ticularly essential in the case of new hires who
will require additional support to minimize their
error rates.

Reducing parataxonomist error rate
Parataxonomist accuracy is heavily reliant on

the amount of training and feedback received. In
situations without input from professional tax-
onomists, error rates increase. For example, Bar-
aloto et al. (2007) found 87% error rates of
parataxonomist identifications of woody tree spe-
cies in Bolivia where only common names were
utilized and no consultation with professional tax-
onomists occurred. In contrast, in studies where
parataxonomists were initially provided with sim-
plified determination keys for plants, paratax-
onomist error rates were reduced to 19.5%
(Abadie et al. 2008). The training of paratax-
onomists should not occur in a vacuum, and con-
tinued feedback from professional taxonomists on
the accuracy rates, and where weaknesses lie, is
paramount to creating robust data (Basset et al.
2004). Error rates of NEON parataxonomists could
likely be further reduced with additional initial
training by experts, which would improve
parataxonomist abilities to interpret taxonomic
keys (Derraik et al. 2002). In addition, in regions
with abundant populations of particularly
homogenous taxa (i.e., Pterostichus, Cyclotrachelus,
and Harpalus), parataxonomists would benefit
from advanced taxonomic training, such as in the
dissection of specimen genitalia, which has been
shown to resolved identification issues in these
cases (Basset et al. 2000, 2001). Supplementary
tools such as taxonomic keys specific to a given
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region or locale, high-quality digital photographs,
and a robust verified reference collection could
also help further reduce parataxonomist error
rates (Gotelli 2004). These tools will also maintain
continuity in biomonitoring programs with signifi-
cant personnel turnover, as positions for paratax-
onomists are rarely permanent (Janzen 2004).

CONCLUSIONS

Parataxonomists can identify specimens with
consistent accuracy across regions with increasing
species richness; however, a constant error rate
will likely be a persistent challenge for large-scale
biodiversity monitoring. Whether these errors will
have significant negative effects on the interpreta-
tion of large-scale biomonitoring data will depend
on the goals of monitoring programs and the
research questions being investigated. Neverthe-
less, to ensure robust data a subset of paratax-
onomist identifications should be regularly
verified throughout their employment and
increased taxonomic support should be directed
toward regions demonstrating particular difficul-
ties. To minimize weaknesses, resources such as
taxonomic keys, regular reports of errors in identi-
fications, local reference collections, and initial
training should be provided.
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