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Abstract 

Understanding the spatial and temporal dynamics underlying the introduction and spread of nonindigenous aquatic species 
(NAS) can provide important insights into the historical drivers of biological invasions and aid in forecasting future patterns 
of nonindigenous species arrival and spread. Increasingly, public databases of species observation records are being used to 
quantify changes in NAS distributions across space and time, and are becoming an important resource for researchers, 
managers, and policy-makers. Here we use publicly available data to describe trends in NAS introduction and spread across 
the conterminous United States over more than two centuries of observation records. Available data on first records of NAS 
reveal significant shifts in dominance of particular introduction patterns over time, both in terms of recipient regions and 
likely sources. These spatiotemporal trends at the continental scale may be subject to biases associated with regional variation 
in sampling effort, reporting, and data curation. We therefore also examined two additional metrics, the number of individual 
records and the spatial coverage of those records, which are likely to be more closely associated with sampling effort. Our 
results suggest that broad-scale patterns may mask considerable variation across regions, time periods, and even entities 
contributing to NAS sampling. In some cases, observed temporal shifts in species discovery may be influenced by dramatic 
fluctuations in the number and spatial extent of individual observations, reflecting the possibility that shifts in sampling effort 
may obscure underlying rates of NAS introduction. 
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Introduction 

Nonindigenous aquatic species (NAS) introductions 
are widely recognized as major stressors to freshwater 
ecosystems, threatening native endemic biodiversity 
and causing negative impacts to ecosystem services 
as well as damaging local and regional economies 
(Moorhouse and Macdonald 2015; Pimentel et al. 
2005; Ricciardi and MacIsaac 2011; Stohlgren and 
Schnase 2006; Strayer 2010; Walsh et al. 2016). 

While not all NAS become invasive and have 
negative impacts, it is difficult to reliably predict 
which species may cause significant damage (Dick 
et al. 2013) and it is thus necessary to monitor the 
spatial and temporal trends of NAS introduction and 
spread in order to guide prevention and control 
efforts and to develop effective policy aimed at 
mitigating impacts (Lodge et al. 2006). 

At broad spatial scales, mapping nonindigenous 
species distributions can provide important insights 
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into risks associated with biological invasions. 
Mapping enables identification of invasion hotspots, 
recognition of potential environmental and anthro-
pogenic drivers of introduction and spread, and 
assessment of risks to priority conservation areas 
(Carpio et al. 2016; Davis and Darling 2017; Dawson 
et al. 2017; Dyer et al. 2017; Panlasigui et al. 2018; 
van Kleunen et al. 2015). Similarly, analyses of 
temporal trends in species introductions have 
highlighted the risks posed by unabated increases in 
anthropogenic global biotic exchange (Seebens et al. 
2017) and have revealed important correlations 
between invasion rates and historical shifts in 
introduction vectors (Murray and Phillips 2012; 
Wonham and Carlton 2005). Such studies represent 
important advances in understanding patterns and 
mechanisms of global invasions, with associated 
benefits for conservation planning and management. 

One persistent challenge related to such broad 
mapping efforts and trends assessments is the 
acquisition of suitable data. While studies conducted 
at relatively small spatial and temporal scales can 
often rely on scientifically designed sampling strate-
gies, efforts at regional scales and higher rarely have 
access to such data. Increasingly, researchers are 
turning to ad hoc compilations of species observation 
records from multiple sources including herbarium 
and museum records as well as scientific and oppor-
tunistic surveys conducted by a wide variety of 
organizations or individuals which adopt differing, 
often unknown, sampling methodologies (Dawson et 
al. 2017). Unfortunately, diversity estimates derived 
from such data can be biased and may yield misleading 
inferences if steps are not taken to correct for patterns 
in sampling and reporting effort (Bobeldyk et al. 2014; 
Ficetola et al. 2014; Sofaer and Jarnevich 2017). The 
fact that sampling effort is rarely uniform across 
regions can result in data gaps in species databases, 
artificially inflating richness estimates in areas 
receiving high sampling intensity and potentially 
diminishing our ability to distinguish NAS distribu-
tions from monitoring trends (Boakes et al. 2010; 
Fuentes et al. 2012; Hyndman et al. 2015). These 
challenges may be particularly pronounced for non-
indigenous species, as changes in NAS richness and 
distribution reflect a combination of both species 
arrival and species discovery (Wonham and Pachepsky 
2006). The relationship between sampling effort and 
species discovery is further complicated by the fact 
that nonindigenous species reporting is the culmination 
of effort aimed at both detection of novel introduc-
tions and highly targeted delineation of ranges for 
known or suspected problematic nonindigenous species. 

Here we explore spatio-temporal patterns in NAS 
richness at a continental scale and across more than 

two centuries of species occurrence records drawn 
from a number of public biodiversity data repositories. 
We employ these richness metrics to describe broad 
patterns of NAS spread across the conterminous US 
(excluding Alaska, Hawaii, and island territories) 
and to investigate shifting trends in species 
introductions over time, including changes to both 
the recipient regions most heavily impacted by NAS 
and the global sources of those introduced species. 
In order to investigate the effect that changes in 
search effort may have had in shaping patterns of 
NAS observation, we also determined temporal 
trends in both the number of individual records and 
the spatial coverage of those records. Although 
available data do not allow formal assessment of the 
influence of true sampling effort on NAS discovery 
rates, these metrics provide some indication of how 
regional and temporal differences in NAS search 
effort may impact broader patterns. In addition to 
describing general spatial and temporal trends in 
NAS introductions, we thus also explore the ways in 
which underlying shifts in sampling effort may have 
influenced these patterns. 

Methods 

Database development 

A list of nonindigenous freshwater aquatic species 
was curated for plants (n = 192 species) and animals 
(n = 287 species), where “nonindigenous” was defined 
as introduced to the conterminous US during or after 
European settlement (~ 1500 C.E.). Species included 
in the NAS animal list were obtained from the US 
Geological Survey’s Nonindigenous Aquatic Species 
program (USGS 2017), which is compiled from 
multiple data sources including literature, museums, 
monitoring programs at all governmental levels, state 
and federal agencies, professional communications, 
online reporting forms, and hotline reports (Fuller 
and Neilson 2015). Plant data were assembled prior 
to the reincorporation of nonindigenous plant taxa 
into USGS-NAS reporting in 2017. The plants list 
was compiled initially using the USDA Natural 
Resources Conservation Service’s (NRCS) plants 
database (https://plants.usda.gov). Candidate species 
were identified by searching for species nonindigenous 
to the lower 48 states and listed with a National 
Wetland Indicator Status (Lichvar et al. 2016) of 
“obligate wetland” in at least one US Army Corps of 
Engineers region, excluding Alaska and Hawaii. 
This list was later extended to include several 
species (e.g., Phragmites australis and others) that 
are widely considered to be “aquatic” invasive species 
by management groups throughout the US despite 
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not being listed as obligate wetland species by the 
NRCS. These additional species were identified based 
on existing lists of invasive aquatic plants maintained 
by the USDA’s National Invasive Species Informa-
tion Center (https://www.invasivespeciesinfo.gov), the 
University of Georgia’s Center for Invasive Species 
and Ecosystem Health (https://www.invasive.org), 
and regional databases such as the Great Lakes Non-
indigenous Species Information System (GLANSIS, 
a regional node of USGS-NAS, https://www.glerl. 
noaa.gov/glansis), and the University of Florida Center 
for Aquatic and Invasive Plants (https://plants.ifas. 
ufl.edu). The plant data analyzed here expand consi-
derably on those utilized in previous studies (Davis 
and Darling 2017). Species translocated within the 
conterminous US (“native transplants”) were not 
included in the analyses. 

Using these lists, we assembled species occur-
rence data from the USGS NAS database, the Early 
Detection and Distribution Mapping System 
(EDDMaps), and the USGS Biodiversity Serving 
Our Nation (BISON) databases, which is a curated 
US data repository for the Global Biodiversity 
Information Facility (GBIF; data accessed February 
7, 2017) and hosts a full mirror of the global 
biodiversity records made available through that 
database. We used the Integrated Taxonomic Infor-
mation System (ITIS) to ensure that species were not 
double counted, and that synonymous taxa were 
excluded. Duplicate occurrence records, arising from 
information exchange among data providers or the 
utilization of the same data sources by different data 
providers, were identified on the basis of having 
identical spatial coordinates and possessing identical 
or very similar source attribute information and were 
removed. In addition, records with missing spatial 
coordinates or that indicated occurrences located 
outside of the conterminous US were removed. 
Records identified only by centroids were removed 
for most analyses, but were retained for purposes of 
identifying earliest US observations of species intro-
duction; this was done to prevent loss of information 
associated with older records, many of which are not 
georeferenced. In a large majority of cases, data did 
not exist to enable the confident determination of 
establishment status for observed NAS. Our data 
thus primarily represent patterns of introduction and 
may overestimate the number of NAS that establish 
persistent reproductive populations.  

Delineation of national scale NAS trends  

We created distribution maps of NAS richness 
summarized by 12-digit hydrological unit code (HUC) 
for the US in order to visualize temporal and spatial 

invasion patterns. The HUC system is a hierarchical 
catalogue of nested watersheds derived from hydro-
logical and topographic features and maintained by 
the USGS (Seaber et al. 1987). There are 82,915 
HUC12 subwatersheds with a mean area of 95 km2 
across the conterminous US. Overall NAS richness 
(plants and animals) was calculated as the total number 
of unique species observed at least once within each 
HUC. To explore changing distribution patterns in 
NAS richness over time, both the plant and animal 
data sets were divided into six temporal intervals: 
1600–1900, 1901–1930, 1931–1950, 1951–1970, 
1971–1990, and 1991–2016. 

We calculated annual observational statistics for 
both the plant and animal databases separately within 
the conterminous US between 1850 and 2016 in order 
to visualize temporal changes in NAS richness. Very 
few observations were recorded prior to 1850 and 
thus were excluded from this part of the analysis. 
Specifically, we calculated a) the count of NAS first 
records per year, b) the count of total individual NAS 
observations made per year, c) the total number of 
NAS observed in each year, and d) the total number of 
HUC12s with recorded NAS observations in each year. 
All analyses were conducted using ArcGIS v. 10.4 
(Environmental Systems Research Institute) and the 
pandas package v. 0.20.0 (McKinney 2010) in the 
Python programming language (Python Software 
Foundation). To explore differences among animal 
taxonomic groups, these metrics were also calculated 
separately for nonindigenous fishes, amphibians, and 
invertebrates (including bryozoans, cnidarians, annelids, 
crustaceans, and mollusks). 

For each plant and animal species, we also deter-
mined the location and year it was first recorded 
within the US. We created maps based on these 
metrics for the six different time steps described 
above to illustrate spatial and temporal trends in 
initial species introduction. Since our analysis 
identifies only the location where each species was 
first observed in the US, it does not consider the 
possibility of multiple introductions. In a small 
number of cases this may mean that the initial 
introduction record is disconnected from the intro-
duction event associated with a present-day invasion 
(e.g., if an earlier introduction failed). However, 
recognizing multiple introductions is at least challen-
ging and often impossible, with the exception only 
of species with particularly robust historical records. 

Nonindigenous source regions 

For plant species, native ranges were obtained through 
existing online databases with information on native 
plant distributions, including USGS (2017), University 

https://www.glerl.noaa.gov/glansis
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of Florida Center for Aquatic and Invasive Plants, 
the International Union for the Conservation of Nature 
(IUCN, http://www.iucnredlist.org), and the Invasive 
Species Compendium of the Centre for Agriculture and 
Biosciences International (CABI; http://www.cabi.org/ 
isc/). Animal species ranges were drawn from the 
USGS (2017), which assesses native range by 
collating distribution information contained in historic 
documents, scientific journal articles, museum collec-
tion databases, and national and regional taxon-
specific natural history works (e.g., state fish books). 
Fish native distribution data were provided in part by 
NatureServe (www.natureserve.org). Native regions 
were delineated based on major biogeographic areas 
recognized by the Taxonomic Databases Working 
Group affiliated with the International Union of 
Biological Sciences (Brummit 2001). Recipient regions 
were based roughly on the delineation of major 
habitat types in North America (Ricketts et al. 1999); 
we consolidated HUC2 watersheds into these larger 
regions to simplify visualization of flows. Species which 
originated from multiple regions were attributed 
proportionally to source locations. For example, species 
designated as “pan-tropical” were attributed equally 
to South America, Africa, Tropical Asia, and Austral-
asia. A circular flow diagram illustrating introduction 
patterns was generated for both plants and animals 
using the circlize package in R (Gu et al. 2014). 

Delineation of regional NAS trends  

To further investigate relationships between sampling 
effort and species observations, we determined 
temporal trends within regional watersheds, as 
defined by 2-digit HUC (HUC2); these are the largest 
drainage basins delineated by the USGS, of which 
there are only 18 in the conterminous US. For each 
2-digit HUC we calculated a) the cumulative number 
of plant and animal NAS, b) the cumulative number 
of plant and animal NAS records, and c) the propor-
tional accumulation of 12-digit HUC areas sampled. 
Cumulative number of records and the cumulative 
number of species were both standardized by 2-digit 
HUC area in order to remove the spatial bias of 
larger HUCs containing more records. Therefore, the 
values represent a relative number of records of 
species compared to that of the largest HUC in the 
conterminous U.S. (i.e., the Missouri HUC2). The 
proportional accumulation of HUC area sampled 
represents the total area of HUC12s within each 
HUC2 that contained at least one record up until that 
time period, divided by the total HUC2 area. The 
five HUC12s for the Great Lakes proper were 
removed from this analysis to eliminate bias 
associated with their unusually large size. 

Contributing observer entities 

We categorized each invasive species observation 
based on the collector identification associated with 
each record as a) Federal Agency, b) State/Local/Tribal 
Government, c) University or associated Museum,  
d) Independent Museum, e) NGO or Partnership, or 
f) Other. While all records associated with a single 
State, Local, or Tribal government fell into the second 
category, any multi-state partnership was associated 
with the NGO/Partnership entity. Categories were 
assigned using best judgment; while in most cases 
collector identification allowed unambiguous assign-
ment, any collector ID that could not be confidently 
categorized or that was associated with a private 
company was assigned to Other. Additionally, any 
Museum that fell under a University system or 
received its funding directly from a University was 
assigned to the University entity; otherwise, they 
were attributed to the Independent Museum entity. 
For both plants and animals, we calculated the 
number of total observations and number of first 
occurrence observations from each entity. A first 
occurrence observation was defined as the first 
record of a species within the conterminous US 
(again, disregarding the possibility of multiple 
introductions, see above), and is assumed to be 
equivalent to observation of the initial introduction 
of that species to the US. The collector ID represents 
the organization which reports the data, but it is 
possible that the NAS observations were made by 
personnel outside of that organization. 

Results 

National-scale patterns of NAS introductions 

Early accumulation of NAS richness clustered 
primarily in the Northeast and California (Figure 1a–c). 
By the mid-century, the Great Lakes region and 
central Mid-Western drainage basins became more 
heavily invaded (Figure 1d) followed by Florida and 
the Southeast achieving much higher NAS richness 
after 1970 (Figure 1e). Current patterns are more 
homogeneous across the East Coast and Midwest 
with heavier clusters in the Northeast, California, 
upper Midwest, and Florida (Figure 1f). First US 
observations of NAS were disproportionately recor-
ded in New England, the Mid-Atlantic and South 
Atlantic-Gulf, and California for plant species, and 
in the Mid-Atlantic and South Atlantic-Gulf, the 
Great Lakes, and California for animals (Table 1). 
Earliest introductions clustered primarily in the New 
England region (Figure 2a, 2b), while introductions 
to California became more prominent in the first half 
of the 20th century (Figure 2b) followed by increased 

http://www.cabi.org/isc/
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Figure 1. Changes to total (plants and animals) NAS species richness over time. Color scale indicates total number of species. Richness is 
mapped at the HUC12 watershed level. HUC2 watershed boundaries are shown in black outline. 
 

dominance of introductions to the South Atlantic-
Gulf and the Great Lakes during the mid- to late-
1900s (Figure 2c, 2d). Recent decades experienced a 
dramatic increase in the number of introductions to 
the South Atlantic-Gulf, particularly among animal 
species (Figure 2e, 2f). 

The primary contributing regions of introduced 
plant species have been Europe and Temperate Asia, 

with the majority of those introductions arriving in 
the Northeast (Figure 3a). The Southeast and California 
also experienced significant plant species introduc-
tions, but those introductions tend to be more equitably 
sourced from regions such as South America, Africa, 
Europe, Temperate Asia, and Tropical Asia. In contrast 
to plants, animal species were primarily introduced 
to the Southeast and Northeast from a variety of sources 
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Table 1. Summary statistics for plant and animal NAS by HUC2 watershed. Coverage is equal to the total area of HUC12s with at least one 
NAS record, divided by the total area of the HUC2 watershed. 

HUC2 
Watershed 

Name 

Total area 
of HUC 
(km2) 

PLANTS ANIMALS 

Species Records Coverage
First 
U.S. 

Records

Earliest 
Record

Species Records Coverage 
First 
U.S. 

Records 

Earliest 
Record 

1 New England 163110 67 9277 36% 31 <1800 35 11774 32% 9 <1700 
2 Mid-Atlantic 276189 67 2289 18% 16 1839 45 17906 64% 10 1815 

3 
South 

Atlantic-Gulf 
724336 79 17130 20% 34 1880 110 19537 36% 71 <1700 

4 Great Lakes 495102 55 47413 30% 9 1844 60 19694 32% 28 1619 
5 Ohio 421962 36 5020 13% 0 1858 34 6610 27% 2 1886 
6 Tennessee 105950 29 290 9% 1 1896 20 2289 43% 0 1894 

7 
Upper 

Mississippi 
492027 56 22537 26% 4 1862 34 58070 36% 1 1882 

8 
Lower 

Mississippi 
276482 44 497 8% 4 1892 24 1357 22% 1 1894 

9 
Souris-Red-

Rainy 
155063 13 9870 27% 0 1911 7 678 7% 0 1950 

10 Missouri 1322148 59 3872 7% 6 1864 40 6483 14% 6 1888 

11 
Arkansas-
White-Red 

642284 46 960 8% 1 1873 29 1567 12% 1 1888 

12 Texas-Gulf 471091 36 605 8% 2 1828 51 1601 18% 8 1891 
13 Rio Grande 343229 31 433 5% 1 1881 29 451 5% 3 1894 

14 
Upper 

Colorado 
293569 21 1083 7% 0 1896 13 756 5% 1 1890 

15 
Lower 

Colorado 
362981 38 4555 12% 1 1874 41 685 8% 8 1930 

16 Great Basin 367049 34 3767 13% 0 1879 19 479 7% 1 1882 

17 
Pacific 

Northwest 
723649 67 9847 15% 5 1877 39 4019 12% 8 1881 

18 California 430658 97 15536 41% 41 1858 61 3149 13% 18 1879 

 

(Figure 3b). Generally, most introductions to the 
Northeast were from Europe and Temperate Asia, while 
the Southeast received species predominantly from 
tropical regions in the Americas, Africa, and Asia. 

Rate of NAS introduction 

Analysis of the number of NAS reported in the 
conterminous US over time indicates distinctly 
different trends in the observation of plant and 
animal species (Figure 4). While the number of first 
plant NAS records has remained relatively constant 
between the late 1800’s and 2015, the number of 
animal records exhibits a marked increase after c. 1950 
(Figure 4a, 4e). This pattern is reflected in the overall 
number of NAS observed per year: while that number 
exhibits a roughly linear increase between 1850 and 
2015 for plants, the accumulation of animal species 
appears to accelerate in the second half of the 20th 
century (Figure 4c, 4g) After approximately 2005, 
there appears to be a decline in the number of both 
plant and animal species observed per year. This 
decline is consistent with previously observed patterns 
in global data on nonindigenous species, and is presu-
mably associated with the expected lag period between 
observation and reporting (Seebens et al. 2017). 

In general, increases in the number of records and 
number of watersheds with observations occur earlier 
and more gradually for animals than for plants 
(Figure 4b, f, d, and h). The number of watersheds 
containing samples and the number of observations 
generally do not correspond well with trends in species 
discovery for plants. In particular, the roughly linear 
trend in the number of NAS plant species observed 
(Figure 4g) fails to reflect a sharp increase in the 
cumulative number of records and number of water-
sheds that contain plant NAS in the past decade 
(Figure 4f, h). In contrast, species discovery corres-
ponds more closely to the number and spatial extent 
of records in the NAS animal data set. The inflection 
point in the number of animal species first records 
and total number of animal NAS observed per year 
(Figure 4a, c) coincides roughly with the inflection 
points of both number of records and number of 
HUC12s containing records (Figure 4b, 4d), all occur-
ring shortly after 1950. 

Among animal taxonomic groups, fish were 
dominant, comprising 33% of total animal NAS. 
Temporal trends in observations also varied somewhat 
between groups, with fish records exhibiting increases 
in species counts, number of observations, and spatial 
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Figure 2. Spatial distribution of first records of plant (green) and animal (red) NAS over multiple time periods. Time periods are the same as 
for Figure 1. 
 

coverage of records earlier in the 20th century than 
either invertebrates or amphibians, the latter showing 
little overall increase in the analyzed time period 
(Figure 5a–c). These groups also displayed different 
spatial patterns of introduction. All taxonomic groups 
were widely introduced across HUC2 watersheds; 
however, while both fish and amphibian species counts 
were by far highest in the South Atlantic-Gulf region 
(HUC2 #3, accounting for 77% of species records 

for amphibians and 75% for fish), invertebrates were 
more evenly distributed, with peak counts in the 
Great Lakes region (55% of species counts). 

Regional trends 

Patterns in both species discovery and number and 
spatial extent of records vary considerably across 
regions for both plants and animals (Figure 5, Table 1). 
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Figure 3. Flow diagrams showing sources of plant (a) and animal (b) NAS introductions. Only first introductions to the US are depicted; 
subsequent spread within the US is not indicated in this figure. In each flow diagram, source regions are on the left and recipient regions are 
on the right, and flows are depicted by arrows; regions and assigned colors are shown in (c) and (d) for source and recipient regions, 
respectively. Scale shown around the outside of the circle is number of species. In some cases, native ranges for species span multiple source 
regions. In those cases, proportions of that species were assigned to the appropriate regions (e.g. a species derived from Europe and Temperate 
Asia is shown as 0.5 species from Europe and 0.5 from Temperate Asia). All introductions from North America were from Central America 
and Mexico; no introductions were recorded from Canada. 
 

The highest number of NAS per HUC2 was observed 
in the California and South Atlantic-Gulf watersheds, 
for both plants and animals; however, patterns of first 
US records were different between the two taxonomic 
groups, with most initial introductions for plants 
occurring in California, New England, and the South 
Atlantic-Gulf, while initial animal introductions were 
concentrated primarily in the South Atlantic-Gulf and 
the Great Lakes (Table 1). The number of individual 
records observed prior to 2017 varied across regions 
over two orders of magnitude, from several hundred 
records to tens of thousands, while areal coverage 
ranged from 5% to 64% for animals and from 5% to 
36% for plants (Table 1). 

Regional temporal trends in number of observed 
species and the number and spatial extent of records 

largely reflect national trends, although with notable 
exceptions. Generally, increases in the cumulative 
number of observed species are more linear than 
increases in the cumulative number of records or 
areal coverage for either plants or animals (Figure 6). 
For plants, this distinction is particularly pronounced, 
with dramatic increases in sampling occurring in 
most regions after 2000 (Figure 6a–c). California is a 
clear exception, exhibiting roughly linear increases 
in all variables across the measured timeframe. New 
England similarly exhibits high levels of early samp-
ling, corresponding with the highest observed 
cumulative numbers of plant NAS. Generally, 
changes in the number and spatial extent of records 
for plant species again fail to reflect similar changes 
in number  of  species observed; despite dramatic 
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Figure 4. Temporal trends in 
nonindigenous animal (a–d) and 
plant (e–h) observations.  
(a, e) Count of first records, 
summed every five years.  
(b, f) Count of total observations, 
summed every five years.  
(c, g) Total number of 
nonindigenous species in each year. 
(d, h) Total number of HUC12 
watersheds with an NAS 
observation in each year.  
Red lines indicate moving averages 
calculated over a 25 year window. 
Note difference of scale on y axes, 
particularly between (d) and (h). 
 

increases in these variables post-2000 (Figure 6b, c), 
little change is observed in the number of species 
(Figure 6a). Especially notable is the extreme increase 
in number of records in the Great Lakes watershed, 
which does not reflect a corresponding increase in 
observed number of species. Similar patterns are 
observed for animal species, although increases in 
sampling effort are generally more gradual and 
initiated earlier than for plant species (Figure 6e, f vs. 

6b, c). Corrections for HUC2 area reveals that New 
England, California, Mid-Atlantic, and Tennessee 
watersheds harbor the highest relative numbers of 
NAS for both plants and animals. While California 
and New England also exhibit high measures of 
apparent sampling effort, number of records and 
areal coverage are also extremely high for regions 
with far fewer observed NAS (e.g. the Great Lakes 
and the Upper Mississippi). 
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Figure 5. Temporal and spatial trends in NAS by major animal taxonomic groups. Total NAS count per year (a), total number of records per 
year (b), and total number of HUC12 watersheds with at least one record (c) are shown for amphibians (blue lines), fish (orange), and 
invertebrates (green) over the time period between 1900 and 2015. All lines represent moving averages over a 25 year window. Distribution 
of total NAS counts across the 18 HUC2 watersheds (d) are shown for the same taxonomic groups (colors as in a–c; geographic locations of 
HUC2 watersheds are shown in Figure 6g). 
 

Contributions of reporting entities 

The distribution of effort across collection entities 
was different for plant and animal species (Figure 7). 
This was most dramatic for first occurrence records: 
federal agencies alone accounted for the vast majority 
of animal species observations, while effort to 
identify new plant NAS was more evenly distributed 
across entity types (Figure 7b). Local and state entities 
accounted for a much larger percentage of overall effort 
to collect individual records; this was particularly 
true of plants, where state/local/tribal government 
agencies and universities accounted for 70% of plant 
observations (Figure 7a). Federal agencies appear to 
have played a more significant role in accumulating 
individual animal observations than aquatic plant 
observations, although local and state governments 
remained the most dominant contributors.  

Discussion 

National scale spatial and temporal trends in NAS 
introductions 

Patterns of nonindigenous species richness across 
broad geographic scales are generally driven by 
interactive effects of both human activity and climatic 

variables (Capinha et al. 2013; Dalmazzone and 
Giaccaria 2014; Dawson et al. 2017; Keller et al. 
2011). Global trade, in particular, has been widely 
recognized as a determinant of trends in the inter-
continental redistribution of species (Dalmazzone 
and Giaccaria 2014; Hulme 2009; Westphal et al. 
2007). In the case of freshwater invasions, species 
introductions have accompanied a suite of anthropo-
genic vectors including vessel traffic (ballast water 
and hull fouling), aquaculture, and aquarium and 
ornamental species trades (Bobeldyk et al. 2014; 
Cope et al. 2015; Hulme et al. 2008; Lo et al. 2012; 
Padilla and Williams 2004). Geographic and temporal 
shifts in the activity of these vectors can therefore 
have important influences on spatio-temporal trends 
in NAS introduction and spread (McGeoch et al. 
2010; Westphal et al. 2007). 

Historical patterns in the introduction of NAS to 
the conterminous US appear to follow several 
general trends (Figures 1, 2, and 3). The earliest 
introductions, up to and including the first half of the 
20th century, tend to be predominantly to the 
Northeast and sourced largely from Europe and 
temperate regions in Asia. California is also an early 
recipient of NAS, particularly the large population 
centers in southern and central California, although 
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Figure 6. Cumulative number of 
species (a, d), cumulative number of 
records (b, e), and watershed coverage 
(total area of HUC12 watersheds with at 
least one NAS record divided by total 
area of HUC2; c, f) for both plant (a, b, c) 
and animal (d, e, f) species. Colors 
reflect HUC2 as indicated in (g). Values 
in a, b, d, and e are normalized to the 
area of the largest HUC2. The scales of 
b and e are in thousands of records.

 

sources for these introductions appear to be more 
varied, deriving not only from Europe and temperate 
Asia but also from Africa as well as tropical regions 
in South America and Asia. Introductions to the 
Great Lakes region appear to have increased 
throughout the second half of the 20th century, again 
driven primarily by translocations from Eurasia. 
Even more recently, the Southeast has experienced a 
sharp acceleration in NAS richness, particularly in 
Florida, which has rapidly become one of the most 
highly invaded regions of the US over the past 
several decades. Introductions to the Southeast have 
been dominated by species from tropical regions of 
North and South America and Asia, especially 
among animal taxa. 

These observed trends are broadly consistent 
with known patterns of anthropogenic vector activity 

as well as previously observed patterns of species 
introductions to the US. The northeastern US, for 
instance, has been recognized in prior studies as a 
hotspot of forest invasions, suggesting that early 
increases in population density and industrialization 
in this region in the 19th and early 20th centuries have 
been important drivers of species introductions and 
spread (Liebhold et al. 2013). The emergence of the 
Great Lakes region as a hotspot of NAS richness in 
the second half of the 20th century similarly reflects 
the growing importance of trade in this region since 
the opening of the St. Lawrence Seaway in 1959 and 
subsequent increases in vessel traffic between the 
Great Lakes and European donor regions (Ricciardi 
2006; Ricciardi and MacIsaac 2000). Among animal 
species, the Great Lakes region represents a center for 
invertebrate introductions in particular, harboring 55% 
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Figure 7. Contributions of different entities to animal (black) and plant (grey) NAS databases. Total number of records are shown on left, 
number of first species occurrences are shown on the right (note different scales). 
 

of invertebrate NAS recorded in the US (Figure 5). 
More recently, NAS introductions to the Southeast 
have been driven largely by importation of aquarium, 
pet, and ornamental species, trades that are dominated 
by taxa derived from tropical sources in Central and 
South America and Asia (Fukisaki et al. 2015; 
Krysko et al. 2011). Fish and amphibians exhibit 
unusually high levels of animal species introduction 
to the region (Figure 5), very likely reflecting prevai-
ling trade patterns. These patterns conform with 
previously published results describing the distribution 
of nonindigenous fish and invertebrate species 
across the US (Bobeldyk et al. 2014; Stohlgren et al. 
2006). While shifting global trade patterns are thus 
likely primary factors determining species introductions 
to the US, the spread and successful establishment of 
NAS appears also to be subject to climatic simila-
rities between the species’ endemic ranges and their 
recipient region. Species derived from temperate 
source regions in Europe and Asia have tended to 
spread broadly across the Northeast, the Great Lakes, 
and the West, while NAS introductions from tropical 

sources in South America, Mexico, and Asia have 
principally established in the Southeastern US 
(Figure 3). Interestingly, while the Southeast has 
become an important hotspot of NAS richness, species 
introduced to this region appear generally to have 
spread less broadly than those introduced to more 
temperate regions of the country (data not shown), 
consistent with the hypothesis of broad-scale climatic 
limitations on the distributions of exotic species 
(Sofaer and Jarnevich 2017). This pattern may also 
reflect the relatively low hydrologic connectivity of 
watersheds in the southeast, reducing the potential 
for natural spread compared to NAS introduced to 
the more highly connected large river basins. 

Relationship between species counts and the number 
and extent of individual observations 

Unfortunately, there are no data available on actual 
sampling effort associated with the ad hoc compila-
tion of species observations such as those curated in 
the publicly accessible databases utilized in this study. 
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Those databases are not exhaustive and they do not 
include metrics of effort for standardized surveys, 
precluding direct assessment of sampling effort. In 
the absence of such measures of sampling effort, we 
have examined the number of records and the spatial 
extent of those records (i.e., the number of watersheds 
for which records exist). The relationships between 
these variables and actual sampling effort will be 
imperfect for a variety of reasons, including the lack 
of negative data, reporting fatigue (actual observa-
tions may not be reported in all cases, particularly for 
widely distributed and long established introductions), 
and inaccuracies in association between reports and 
actual observations (e.g., generic records associated 
only with publication dates); the strength of these 
relationships may also vary among taxonomic groups. 
Despite these limitations, it is likely that these metrics 
are generally reflective of sampling effort associated 
with NAS observations. Previous studies have 
suggested that such variables can in some cases be 
used effectively as an indirect measure of sampling 
effort. For instance, Lobo (2008) found that database 
records drawn from diverse sources of diversity data 
(including non-standardized collections) can be utilized 
as surrogates of sampling effort to identify well-
surveyed sites, and that indirect estimates of effort 
drawn from database records are correlated with more 
direct estimates derived from standardized collections. 

Examination of historical data on NAS introduc-
tions reveals complex relationships between species 
discovery and the number and spatial extent of 
individual NAS observations, relationships that may 
vary across regions and across taxonomic groups. 
The yearly number of first records and the accumu-
lation of NAS over time (Figure 4a, c, e, g) suggest 
that while the introduction of plant species has 
remained roughly constant since the middle of the 
19th century, resulting in a generally linear increase 
in the overall number of NAS, aquatic animal 
species introductions have accelerated considerably 
after 1950. That acceleration, however, coincides 
closely with dramatic increases in both the number 
of observational records and the spatial extent of those 
records (Figure 4b, d). This raises the possibility that 
the apparent increase in animal invasion rate in the 
latter half of the 20th century may be in part an 
artifact of increased sampling effort. Interestingly, 
increases in the same metrics associated with plant 
taxa do not correspond well to increases in species 
observations. This may be the result of different 
types of effort being expended for plant and animal 
taxa; in particular, plant NAS may be more 
amenable to intensive efforts at range delineation on 
local and regional scales, resulting in studies that 
record large numbers of single species observations 

and yet contribute relatively little to the overall 
discovery of new introductions. 

Regional trends and the potential importance of 
regional differences in sampling effort 

Discrepancies between species counts and number 
and extent of records are clearly exacerbated by 
variability in both the level and type of effort expended 
across regions and states. Disparities in regional 
observations are apparent even in broad-scale analyses 
of NAS distributions. For instance, dramatic increases 
in NAS richness in the Great Lakes and Mid-Atlantic 
between 1971 and 1990 (Figure 1e) appear to be 
driven in part by increases in species observations 
across the states of Wisconsin and Pennsylvania. 
These patterns are far more likely to represent shifts 
in local sampling effort than true increases in 
introduction or spread. It is also possible that such 
region-specific increases represent spikes in reporting 
associated with publication of major bio-diversity 
studies. Thus, publicly accessible databases may exhibit 
“fuzziness” of temporal attribution of observational 
data, with some records associated with publication 
date despite representing earlier sightings. However, 
further investigation of data specific to Wisconsin and 
Pennsylvania suggests that the observed increases are 
due to increased sampling associated with multiple 
efforts initiated in this time period (not shown). 

In general, our regional trends analysis indicates 
considerable variation in both rates of species 
observation and metrics associated with sampling 
effort, attributable in part to recognized temporal 
shifts in actual sampling effort in those regions. This 
variation is particularly clear for plant NAS. While 
most regions exhibit a roughly linear trend in species 
accumulation (Figure 6a), there is clear evidence of 
dramatic increases in number and extent of individual 
observations in the early 21st century. For example, 
the Great Lakes region experienced an extraordinary 
escalation in these metrics in the absence of any cor-
responding increase in species richness (Figure 6b, c). 
That change corresponds with a dramatic influx of 
funding for NAS management associated with prog-
rams such as the Great Lakes Restoration Initiative, 
launched in 2010. The general acceleration in the 
number and spatial extent of aquatic plant records 
around the turn of the 21st century may be related in 
part to a number of federal policies that led to 
increased support for monitoring initiatives in the 
1990s. These included the Nonindigenous Aquatic 
Nuisance Prevention and Control Act of 1990 
(which established the national Aquatic Nuisance 
Species Task Force) and its reauthorization in the 
National Invasive Species Act of 1996, as well as 
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Executive Order 13112, which established the 
National Invasive Species Council in 1999. Among 
animal species, trends are more broadly consistent 
over time, although it is still clear that high record 
counts do not necessarily translate into high richness, 
and vice versa. The Upper Mississippi (HUC2 #7), 
for example, exhibits modest relative richness 
despite extremely high overall record counts; the 
Tennessee watershed (HUC2 #6), in contrast, has the 
second highest relative NAS richness despite a low 
overall number of records (Figure 6, Table 1). These 
results confirm that regional discrepancies in the 
magnitude and type of sampling effort at each location 
could bias results when comparing invasion patterns 
among multiple locations (Engemann et al. 2015). 

The observed differences in regional observations 
as well as the trends in plant and animal NAS 
databases are likely sensitive to differing priorities 
and funding availability between contributing orga-
nizations. Organizations tend to monitor locations 
that are easily accessible or close to their physical 
locations, which could cause uneven distribution of 
sampling effort across large regions (Fuentes et al. 
2012). As state specific organizations or agencies 
contribute the majority of both plant and animal 
observations (Figure 7a), sampling effort to delineate 
the distributions of species may be primarily driven 
by state or local authorities and subject to their 
policies and priorities. Therefore, geographic varia-
bility in monitoring records likely reflects both 
invasion pressure and the level of available local 
funding or interest in NAS monitoring (Hyndman et 
al. 2015). It is possible, then, that the observed 
number of NAS in certain regions has been deflated 
by relatively low sampling effort in those regions. 
However, it is important to note that attempts to 
catalog new NAS introductions may be more uniform 
across the country as this effort appears more equally 
dispersed between multiple entities, or is primarily 
carried out by federal agencies (Figure 7b). It is 
interesting that the dominant role of local entities 
(state/local/tribal governments and universities) is far 
more prevalent for reporting plant taxa than for 
animals, again suggesting that there may be signi-
ficant taxonomic differences in the distribution of 
effort aimed at species discovery vs. the targeted 
delineation of species’ ranges. This may reflect in 
part the predominance of targeted noxious weed 
programs at the state and local as opposed to federal 
level. Previous studies have shown that few species 
account for most of the records in plant NAS 
databases; this likely reflects both the tendency for 
organizations to prioritize studying highly visible 
species with the greatest negative impact as well as 
the amenability of plant NAS (particularly emergent 

species) to intensive surveys to determine extent of 
invasion (Pyšek et al. 2008). 

Conclusions 

Analysis of changes in nonindigenous species 
distributions over time can reveal important patterns 
of potential interest to management and policy, 
including historical shifts in vector activity and 
trends in regional invasion hotspots. The fact that 
such patterns can be inferred from analysis of 
publicly available databases of observational records 
underscores the value of such databases to those tasked 
with assessing and mitigating risks of biological 
invasions. However, it is also critically important to 
address inherent shortcomings of these data sources 
in order to avoid misleading or biased conclusions. 
In particular, the ad hoc nature of data sets based on 
opportunistically collected observational records 
derived from multiple sources makes it extremely 
challenging to disentangle patterns of observed 
species richness from sampling effort. Our analysis 
indicates that the relationship between NAS counts 
and the number and extent of individual observa-
tions can change dramatically over space, time, and 
even taxonomic group, and depends critically on the 
priorities and capabilities of entities contributing to 
public databases. These results highlight the need for 
caution in analysis of such data for ecological 
inference without consideration of their potential biases. 

Unfortunately, quantifying species introduction 
while accounting for potential bias in empirical data 
is challenging, as there are few surveys that are 
unbiased and also spatially and temporally compre-
hensive. Work et al. (2005), for example, used a 
quantitative analysis of randomly sampled cargo 
shipments entering the US to analyze the arrival rate 
of pest species; however, this data source was 
limited to a single vector and could not provide an 
exhaustive estimate of invasion rate at a national 
scale. Theoretical and statistical approaches have 
also been developed that attempt to correct for 
variations in temporal sampling, and are most 
commonly used to address observational bias from 
survey data in order to develop estimates of species 
introduction (Belmaker et al. 2009; Costello and Solow 
2003; Solow and Costello 2004). These and other 
studies suggest that more accurate and statistically 
compelling assessments of temporal trends in NAS 
introductions can be obtained in those cases where 
more direct proxy measures of sampling effort are 
available. This conclusion argues strongly for the 
incorporation of such measures into future databases, 
despite the challenges associated with assembling 
these data at broad spatial scales. 
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