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the estimated probability of eradication to varying 
levels of public surveillance and modelled popula-
tion growth rates? These questions were addressed 
by employing a stochastic spatially-explicit surveil-
lance model that uses data in which no nutria were 
detected to quantify the probability of complete 
absence (PoA) over the entire Delmarva Peninsula. 
We applied an analytical framework that decomposes 
the spatial risk of survivors and data into manage-
ment zones, and took advantage of low-cost public 
reporting of nutria sightings. Active surveillance by 
the eradication program included detector dog and 
tracker surveys, shoreline surveys, detection with 
ground and water platforms (with hair snares), and 
camera traps. Results showed that the PoA increased 
with time and surveillance from a beginning PoA in 
May 2015 of   0.01 to a mean of 0.75 at the end of 
2020. This indicates that the PoA on the Delmarva 
was well below the target threshold of 0.95 for declar-
ing eradication success. However, given continued 
surveillance without detection, a PoA of 0.95 would 
be achieved by June 2022. This analysis provides an 
objective mechanism to align the expectations of pol-
icy makers, managers and the public on when eradi-
cation of nutria from the entire Delmarva Peninsula 
should be declared successful.

Keywords  Invasive alien species · Surveillance · 
Eradication · Nutria · Broadscale

Abstract  Nutria (Myocastor coypus) were intro-
duced to the eastern shore of Chesapeake Bay, USA 
in the 1940s. They reached peak densities in the late 
1990s, causing massive wetland loss. Beginning in 
2002, a systematic plan to eradicate nutria from the 
1.7M ha Delmarva Peninsula was implemented. 
Since that time the nutria population has been effec-
tively reduced, and no nutria have been detected since 
May 2015. A lack of detection does not equate with 
complete absence. We address the following three 
questions. (1) What is the expected probability of 
nutria eradication from the Delmarva Peninsula as of 
the end of 2020? (2) If the probability of eradication 
is below the management target of 0.95, how much 
more surveillance is required? (3) How sensitive is 
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Introduction

Invasive alien species are well recognized as a 
threat to the integrity of natural biodiversity, ecosys-
tem function and services, and primary productiv-
ity   (Gurevitch and Padilla 2004; Julia et  al. 2007; 
Mack et  al. 2000; Pimentel et  al. 2005; Vilá and 
Hulme 2017; Vitousek et  al. 1997). Given the high 
financial expenditures required in perpetuity to mini-
mize invasive species impacts  (Pimentel et al. 2001), 
eradication is becoming an increasingly attractive 
strategy which potentially can deliver high ecological 
benefits (Cleeland et al. 2020; Jones et al. 2016; Rus-
sell and Holmes 2015). Eradication success of inva-
sives is highest for newly founded populations with a 
limited spatial extent   (Tobin et  al. 2014; Robertson 
et al. 2017) or on offshore islands (Donlan et al. 2003; 

Russell et al. 2009; Towns and Broome 2003) where 
the risk of reincursion is low. However, new technolo-
gies and evidence-based strategies  (Tobin et al. 2011; 
Liebhold et  al. 2016; Nugent et  al. 2018; Murphy 
et al. 2019) are allowing for invasives to be eradicated 
from increasingly large mainland areas   (Robinson 
and Copson 2014; Martin and Richardson 2019).

The removal of nutria (Myocastor coypus) from 
the 1.7M ha Delmarva Peninsula, USA is a current 
broadscale eradication of an established mammal 
from a mainland area   ( Pepper et  al. 2017, http://
www.fws.gov/chesapeakenutriaproject; Fig.  1). 
Nutria were successfully eradicated from a similar 
sized area in the U.K.   (Gosling and Baker 1989). 
Nutria are an aquatic rodent native to South Amer-
ica  (Ehrlich 1967) that have been introduced widely 
internationally for the fur trade  (Carter and Leonard 

Fig. 1   The relative risk of the center of activity of a surviv-
ing reproductive unit of nutria on the Delmarva Peninsula 
since 2015. The black lines demarcate the boundaries of the 
four management zones: ”Maryland” upper left; ”Delaware” 

upper right; ”Eastern shore of Virginia” bottom; and ”Black-
water” middle left. White areas within the management zones 
indicates zero risk. The inset map on the lower right shows the 
peninsula location on the east coast of the USA
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2002). They were introduced to the eastern shore of 
the Chesapeake Bay, Maryland in the 1940s  (Willner 
et al. 1979), reached peak densities in the late 1990s 
and have caused massive wetland loss by convert-
ing emergent marsh to shallow open water   (Evers 
et al. 1998). The eradication of nutria from the Del-
marva Peninsula began in 2002, and since that time 
the population has been effectively reduced with no 
nutria having been detected since May 2015  (Pepper 
et al. 2017). Eradication is only feasible if reinvasion 
can either be stopped or infrequent immigrants can be 
removed before reproducing   (Bomford and O’Brien 
1995), which is difficult for mainland populations. 
However, reinvasion onto the Delmarva Peninsula is 
unlikely because the climate of the northern part of 
the peninsula approaches the physiological limit of 
nutria  (Hilts et al. 2019), and the Chesapeake Bay is 
a formidable barrier to the west (Fig. 1).

The immediate management question is whether 
all individual nutria have been removed from the Del-
marva Peninsula and eradication has been success-
fully achieved. Importantly, a lack of detection does 
not equate with complete absence. Individuals in a 
’persecuted’ population change behavior and become 
very difficult to detect  (Cruz et al. 2005). The search 
effort deployed since May 2015 may or may not have 
been adequate to detect a few remaining survivors, 
which if left alone for sufficient time could re-seed the 
population and lead to continued ecological damage.

The declaration of eradication success signals a 
policy change in which resources are allocated away 
from the program to other environmental issues. 
Premature declaration will cause program failure 
because of nutria persistence, whereas conducting 
excessive surveillance beyond that which is neces-
sary will divert limited resources away from other 
environmental issues. Eradication programs should 
be declared a success once a robustly estimated prob-
ability of successful eradication exceeds an agreed 
target level   (e.g. 0.95-0.99; Ramsey et  al. 2009). 
Establishing a target probability of eradication and 
a quantitative mechanism for estimating the effort 
required to achieve it helps guide management deci-
sions and resource allocation, and creates consistent 
goals and expectations among field staff, managers 
and policy makers.

In an eradication program that covers a very 
large area, managers cannot control and survey the 
entire area at one time, and the eradication process 

needs to be divided into two stages   (Anderson 
et  al. 2017). First, the broadscale area is divided 
into management zones, which consist of areas that 
can be individually eradicated as a unit and are suf-
ficiently large to minimize the risk of re-invasion 
from neighboring zones. Stage I occurs at the zone 
level and consists of invasive population reduction/
control and surveillance until a sufficient level of 
confidence in freedom is achieved within the zone. 
With high confidence in freedom, the zone is passed 
into Stage II, which triggers an operational decision 
to reallocate resources to other management zones. 
In this way, the control/surveillance operation pro-
gresses stepwise across the region of interest. In 
Stage II, surveillance within zones declared free at 
Stage I should continue so that any residual survi-
vors are detected. Stage II surveillance is also used 
to estimate the probability of eradication across all 
zones (i.e. the entire region). Because resources 
have been allocated away from the zone, Stage II 
surveillance must be low cost, such as low intensity 
and frequency surveys, or public reporting.

All zones in the Delmarva eradication program 
are now in Stage II. Nutria have not been seen since 
2005, 2007, 2012 and 2015 from the Delaware, 
Maryland, Eastern shore of Virginia and Black-
water zones, respectively (Fig.  1). While active 
and organized surveillance has been concentrated 
in the Blackwater zone in recent years, the public 
and other environmental management staff (hereaf-
ter public surveillance) had the potential to detect 
and report the presence of surviving nutria if they 
were sighted in any of the zones. The two-stage, 
multi-zone approach for quantifying the probabil-
ity of eradication incorporates the times since last 
observed nutria across the four zones. The impor-
tant implication is that if there was a surviving 
reproductive unit in one of the zones, the popula-
tion would have been expected to grow and expand, 
making it easier to detect with the passage of time. 
Given that eradication is the goal, the modelled 
growth rate of the population should be conserva-
tive and much lower than the expected biological 
rate. Nevertheless, the rate will vary across species 
and have important implications for the sensitivity 
of surveillance and quantifying the probability of 
eradication. Fast growing species will be relatively 
easy to detect over time (e.g. rats), but risk growing 
to high density levels quickly if left undetected.
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In this paper we examined the Delmarva nutria 
Stage II surveillance data using the broadscale eradi-
cation framework outlined in  Anderson et al. (2017). 
We demonstrate the process over the entire penin-
sula using multiple sources of surveillance data. We 
addressed the following three questions. (1) What is 
the expected probability of nutria eradication from 
the Delmarva Peninsula as of the end of 2020? (2) If 
the probability of eradication is below the manage-
ment target of 0.95, how much more surveillance is 
required? (3) How sensitive is the estimated probabil-
ity of eradication to varying levels of public surveil-
lance and modelled population growth rates? We then 
make some general recommendations to improve out-
comes for similar broadscale eradication programs.

Methods

We superimposed a virtual grid cell system over the 
entire extent of interest (Anderson et  al. 2013) to 
establish a spatial framework for analysis of the sur-
veillance data (see detailed description in Appendix 
S1 in Supplemental Material). The grid cell is the 
fundamental surveillance unit, so that the surveil-
lance system is attempting to detect a residual nutria 
that has its home range center in a particular grid cell. 
Surveillance data were composed of point-location 
and raster-grid data (see below).

Data sources

The total area of the Delmarva peninsula (17,295 
km2 ) was sub-divided into four management zones: 
”Maryland” (upper left), ”Delaware” (upper right), 
”Eastern shore of Virginia” (bottom) and ”Blackwa-
ter” (middle) (Fig. 1). Each zone was then rasterized, 
using a spatial resolution (cell size) of 100 m. Data 
on the locations of active surveillance from a variety 
of different sources were available such as detector-
dog searches (trained to seek and respond to nutria 
scat), ground and shoreline surveys by trained per-
sonnel, hair snare surveys from water and land plat-
forms   (Pepper et al. 2017) and camera surveys. All 
surveillance data returned negative results, i.e. no 
nutria were ever detected.

The surveillance data were collected since the last 
nutria was captured in May 2015 to December 2018. 
Hair snare and camera data were point data with 

eastings, northings and deployment duration. The 
track data (provided as GIS shapefiles) for people and 
detector dogs were discretized into points along the 
tracks at 50-m intervals. Therefore, all of the active 
surveillance data were point data with deployment 
duration within each calendar year from June 2015 - 
December 2018. To quantify the probability of eradi-
cation for 2019 and subsequent years, we assumed 
that the surveillance effort conducted from 2016 
through 2018 would apply as it was anticipated by the 
eradication program to apply the same effort in the 
coming years.

For each cell, a relative risk value was calculated, 
representing the likely occurrence of a single small 
surviving reproductive unit of nutria, relative to other 
cells (e.g. one male and female; Fig. 1). Relative risk 
values were based on expert opinion, quantitative 
estimates of habitat suitability   (Hilts et al. 2019) or 
occurrence records with values of zero indicating 
non-habitat (i.e. no risk). Nutria can be in or pass 
through, but cannot persist in no risk areas, such as 
roads, buildings, industrial areas and water bodies. 
Areas categorized with a relative risk value of 1 were 
very unlikely habitat, such as high density residential, 
commercial and industrial areas. The areas catego-
rized as 5 could potentially support nutria, but none 
have been found in these areas on the Delmarva (Pep-
per, Pers. comm.). The relative risk areas categorized 
as 8 were estuarine and marine wetland and/or fresh-
water emergent habitats occurring outside the Black-
water National Wildlife Refuge. The relative risk area 
with a value of 50 were the estuarine and marine wet-
land and/or freshwater emergent habitats occurring 
within the Blackwater National Wildlife Refuge but 
not near known capture locations. The high relative 
risk value of 500 was in estuarine and marine wetland 
and/or freshwater emergent areas in proximity to cap-
tures within the last 10 years. Each capture and sign 
point was given a buffer of 1980 ft (or 604 meters) 
where habitat within the buffer was categorized as 
500. This distance was based on an enlargement of a 
16 ha nutria home range in Maryland (Pepper, pers. 
comm.).

If we were to find a surviving nutria, the relative 
risk map suggests that it would be 500 times more 
likely to be found in the 500-risk area than in the 
1-risk area (Fig. 1). It would be 10 times more likely 
to be in the 500-risk area than in the 50-risk area. 
This increase from a relative risk value of 50 to 500 is 
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justified by the expertise of the management team and 
the habitats from which nearly 14,000 nutria were 
removed since 2002  (Pepper et al. 2017).

In addition to the sources of active surveillance, 
passive surveillance was also accounted for by 
acknowledging that residual surviving nutria could 
potentially be detected by the public or environmen-
tal managers not associated with the eradication pro-
gram. Public surveillance was included using a spa-
tial raster (binary 1 and 0) indicating areas where 
detection of nutria by the public was possible. Due to 
a lack of information on the spatial variation in public 
surveillance effort, all pixels had the same probability 
of detection. Given the high level of hiking, hunting/
fishing and recreational use of this area (Pepper pers. 
comm.), the public surveillance raster was assigned a 
value of 1 where the relative risk map was > 0 . That 
is, all areas considered to be habitat were surveyed by 
the public.

Model description

We modified a spatially-explicit surveillance 
model  (Anderson et  al. 2013) that used surveillance 
data in which no nutria were detected to quantify the 
probability of absence PoA over the entire Delmarva 
Peninsula (Appendix S1). The fundamental surveil-
lance unit is the grid cell, and the model uses the sur-
veillance data to quantify the probability of detecting 
a nutria that has its home range center in given grid 
cell (unit sensitivity). This approach accounts for the 

home range movement behavior of nutria   (Ramsey 
et al. 2015; Anderson et al. 2013), and allows for sur-
veillance points outside the cell containing a home 
range centre to detect the nutria from that cell. Model 
results are independent of the grid cell size, which 
represents the area of surveillance unit and should be 
smaller than the expected home range size so that an 
individual effectively utilises multiple grid cells.

The model used an annual time step so that sur-
veillance data were partitioned into the corresponding 
calendar years. Multiple detection methods deployed 
in the same year have an additive effect on the unit 
sensitivity of a given grid cell. Unit sensitivity values 
are quantified with model parameters, which are input 
as distributions (Table 1). To account for uncertainty, 
200 random variates for each parameter were drawn 
and used in calculations of the PoA.

Unit sensitivity values across all grid cells in a 
zone were used to quantify the probability of detect-
ing a surviving nutria given an occupied grid cell in 
the zone (zone sensitivity). Combining the four zone 
sensitivities, the model estimated the probability of 
detecting a nutria anywhere on the Delmarva Penin-
sula (system sensitivity), assuming that at least one 
grid cell was occupied by a nutria in one of the zones. 
System sensitivity and PoA were calculated annually.

The model used surveillance data and Bayes theo-
rem to calculate the PoA, which incorporated a Prior, 
or the starting PoA  (Gelman et  al. 2004). The prior 
was then updated with the surveillance data to give 
the posterior PoA. We used a PERT distribution with 

Table 1   Parameters values 
for proof of absence model

a The starting number 
of occupied cells for 
Blackwater, Eastern shore 
of Virginia, Maryland and 
Delaware, respectively

Parameters Distribution Values

Iterations Fixed number 200
Resolution (m) Fixed number 100 m
Initial Occupied cells by zonea Fixed number 1, 4, 9, 11
Annual increase occupied cells Fixed number 1
Occupied zones Fixed number 1
Prior probability of absence PERT 0.001, 0.01, 0.1
Annual prob. of new incursion PERT 5e−5, 1e−4, 2e−4
Camera g

0
 ; max probability of detect Normal mean (s.d.) 0.06 (0.02)

Land platform g
0
 ; max probability of detect Normal mean (s.d.) 0.04 (0.01)

Water platform g
0
 ; max probability of detect Normal mean (s.d.) 0.02 (0.01)

Detector dog surveillance g
0
 ; max probability of detect Normal mean (s.d.) 0.14 (0.06)

People surveillance g
0
 ; max probability of detect Normal mean (s.d.) 0.02 (0.01)

� homerange parameter Normal mean (s.d.) 100 m (40)
Public detection per cell Normal mean (s.d.) 0.03 (0.015)
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a most likely prior value of 0.01, and lower and upper 
bounds of 0.001 and 0.1, respectively (Table 1). That 
is, there was most likely a 1% chance that eradication 
was achieved in May 2015 after the last known nutria 
was removed. This informed and pessimistic prior 
was obtained by questioning the eradication program 
staff on their thoughts on the probability that nutria 
had been eradicated in May 2015. All staff replied 
that there was a very low to zero chance that eradica-
tion had been achieved at that time.

In addition to a residual viable population of nutria 
persisting undetected in this landscape, there was also 
the potential for a new incursion to occur. In this anal-
ysis we assumed that this risk was very low (effec-
tively zero) due to the Chesapeake Bay to the west 
and the nutria physiological limits to the north  (Hilts 
et al. 2019) inhibiting re-invasion. We set the PERT 
distribution minimum, most likely, and maximum to 
0.00005, 0.0001 and 0.0002, respectively (Table 1).

Each surveillance data point has the potential to 
detect a nutria that has a home range center in grid 
cells that surround the point. The daily maximum 
probability of detection occurs in the grid cell in 
which the point is located. This maximum probability 
is referred to as g

0
 (see values in Table 1). The prob-

ability of detection decreases with distance from the 
device or point as a function of the home range-decay 
parameter � (Ball et al. 2005), which we set at 100 m 
with a standard deviation of 40 m. The mean of 100 
m corresponds to a home range size of ≈ 20 ha. We 
increased the estimated home range size for Mary-
land nutria from 16 ha (Pepper unpub. data) to 20 ha 
because animals at low density exhibit larger home 
ranges than those at high density  (Efford et al. 2016).

Data were not available to empirically estimate 
some parameters. For these, we queried the eradica-
tion program staff who had years of experience in 
this system with the detection methods. We also used 
high variance values to account for parameter uncer-
tainty. The g

0
 estimates for the 50-m interval detector 

dog and people surveillance points along tracks were 
based on a desktop elicitation exercise with program 
staff. The elicitation exercise involved program staff 
identifying likely values for the probability of a detec-
tor dog search and person search detecting a nutria 
given four different survey intensities in the vicinity 
of a nutria home range center (Fig. 2). In Fig. 2 the 
red paths were the hypothetical movement paths of a 
detector dog or a person. The black stars represented 

the home range centers of four different nutria (num-
bered 1–4). The black circle around nutria 2 repre-
sents its home range size (95% probability isopleth), 
which provides perspective for the potential detection 
zone of a surveillance point (home range circles are 
not provided in the figure for the other nutria). For 
detector dogs we used a mean (sd) of 0.14 (0.06), and 
for people 0.02 (0.01) (Table 1), which gave probabil-
ities of detection varying from 0.16 to 0.95 for dogs, 
and 0.02 to 0.34 for a person (Table 2). The probabil-
ity of detection was highest for home range 1 because 
a substantial portion of the home range was covered 
by the search tracks, and the search effort was con-
centrated in the high-use central area near the home 
range center.

The annual probability of detection by public sur-
veillance of a nutria with its home range center in a 
particular grid cell had a mean (sd) of 0.03 (0.015) 
(Table  1). Hence, if there was a single reproductive 
unit in one grid cell, the public would have a 3% 
chance of detecting it over the course of a year. This 
was based on expert elicitation, public awareness and 
reporting, and public use of the landscape.

Given that each zone had been declared nominally 
’free’ in 2015, the surveillance model was used to 
estimate the probability of detecting a nutria with the 
Stage II surveillance effort (quantified by the system 
sensitivity) for each year since May 2015. Practi-
cally and intuitively it is easier to detect a nutria when 
many grid cells are occupied (i.e. high population 
density) than when very few are occupied. The model 
requires the specification of the number of grid cells 
potentially occupied (”Occupied cells”; Table  1), 
which is not related to the actual number occupied 
but is a statistical design parameter in the model. 
This parameter consists of the target number of occu-
pied grid cells potentially available for detection by 

Table 2   Results of the maximum probability of detection 
( g

0
 ) test for detector dog and person surveillance points along 

tracks. For each homerange (HR) 1 – 4, the total probabilities 
of detection are provided for active detector dog and a person 
surveillance

HR Detector dog Person

1 0.95 0.34
2 0.74 0.17
3 0.47 0.08
4 0.16 0.02
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the surveillance model and is similar to the ”design 
prevalence” used in disease surveillance   (Cameron 
and Baldock 1998; Martin et al. 2007; Martin 2008). 
Because the objective is eradication, this number is 
set very low. In the present analysis the Occupied cells 
was set to 1 in the Blackwater zone (0.002% of zone; 
Table 1). The 1 occupied cell represents the minimum 
prevalence level for a viable population from which 
a thriving population could potentially grow if left 
un-controlled. The starting number of Occupied cells 
was set higher for the other three zones to account 
for the longer period since nutria have been detected, 
and the potential for population growth and spread in 
the intervening years. The Eastern shore of Virginia, 
Maryland and Delaware zones had starting numbers 
of occupied cells equal to 4, 9 and 11, respectively. 
To derive these numbers we set the number of occu-
pied cells equal to 1 for the last year in which a nutria 
was detected in each zone, and then added 1 cell for 
each year (Annual increase occupied cells; Table  1) 
up to and including 2015. The number of Occupied 
cells in each zone continues to increase annually 
by the model parameter Annual increase occupied 
cells. This corresponds to the potential and conserva-
tive population growth and expansion referred to in 
the Introduction. Therefore, if there was a surviv-
ing reproductive unit on the peninsula, nutria would 
become easier to detect over time.

Similar to the Occupied cells parameter, there is an 
Occupied zones parameter that is used in the calcula-
tion of the zone sensitivity (AppendixS1). This was 
set to the minimum value of 1 (Table 1).

We assessed the sensitivity of the calculated 
time to obtain a 0.95 probability of eradication suc-
cess by varying Public detection from 0.02-0.2 and 
the Annual increase occupied cells from 0.25-3.0 
cells ⋅ year−1 . All other parameters values were those 
in Table  1. When testing the sensitivity of Public 
detection, the Annual increase occupied cells was 
fixed at 0.25. Similarly, the Public detection was fixed 
at 0.02 when testing the Annual increase occupied 
cells. Other parameters in the model were not subject 
to sensitivity testing as these have been previously 
investigated  (see Anderson et al. 2013).

Results

To estimate the current probability that eradication 
has been achieved (PoA), we analyzed the surveil-
lance data from May 2015 through December 2020 
using the parameters in Table 1. Results show that the 
PoA increased with time and surveillance from the 
mean Prior of ≈ 0.01 to a mean of 0.75 (95% CI: 0.30 
– 0.93) in December 2020 (Fig.  3), indicating that 
the PoA on the Delmarva was well below the target 
threshold of 0.95 for declaring eradication success.

Forcasting forward, results show that a 0.95 PoA 
can be achieved by mid 2022 (Fig. 3). Zone sensitivi-
ties (Table 3) were influenced by the amount of active 
and public surveillance, and the parameter Number of 
occupied cells. Blackwater had a lot of active surveil-
lance but a low Number of occupied cells (Table 1). 
The other three zones relied on public surveillance 

Fig. 2   g
0
 parameter test for 

detector dogs and people 
survey points along tracks. 
Red paths are the hypotheti-
cal movement paths of a 
detector dog or a person. 
The black stars represent 
the home range centers of 
four different nutria (num-
bered 1–4). The black circle 
around nutria 2 represents 
its home range size
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but had relatively high Number of occupied cells, 
because several years had passed since nutria were 
seen in those zones. At the end of 2022 there were 
8, 11, 16 and 18 Occupied cells in Blackwater, East-
ern shore of Virginia, Maryland and Delaware zones, 
respectively. While the unit sensitivity in some areas 
of the Blackwater zone exceeded 0.99, surveillance 
for most of the peninsula depended on low sensitiv-
ity public reporting (Fig. 4). The on-the-ground sur-
veillance effort did not change much over the years 
2016–2018, yet the zone sensitivity for each zone 
increased over time due to the increasing number of 
Occupied cells (Table 3).

The parameter sensitivity analysis showed that 
variation in the Annual increase occupied cells had a 
stronger effect on time to confirming eradication suc-
cess than public surveillance detection probability 
(Fig. 5). Time to eradication decreased with increases 
in both parameters. The Annual increase occupied 
cells is based on the species biology, whereas the 
Public detection is a management effort parameter 
and can be varied by allocation of resources. There-
fore, we analyzed the surveillance data with no public 
surveillance (i.e. Public detection = 0.0 for all years), 

and results showed the time to eradication increased 
by six months compared to when Public detection 
= 0.03. We found that the target probability would 
have been achieved at the end of 2020 had the Public 
detection been increased to 0.1 for the entire program. 
Forecasting ahead from the end of 2020, eradica-
tion could be declared by the end of 2021 if Public 
detection could be increased to 0.1 starting in January 
2021. An important caveat in these analyses in which 
the Public detection is increased is that the active sur-
veillance by the eradication team is not decreased, 
which would require a significant increase in budget 
to handle the increased work load associated with 
public surveillance.

Discussion

Analysis of surveillance data provided an objective 
mechanism to align the expectations of funders, man-
agers and the public on when eradication of nutria 
from the Delmarva Peninsula should be declared suc-
cessful. Despite no sign of nutria since May 2015, 
evidence indicates that there remains a high level 

Fig. 3   Estimated PoA from May 2015 to December 2024 
(left panel). The mean and 95% confidence interval shown at 
5/2015 represent the prior PoA. Subsequent values are the PoA 
at the end of the calendar year following the year’s surveillance 

effort with no detections. The horizontal dashed line marks the 
target PoA of 0.95. The mean and 95% confidence intervals of 
the annual system sensitivity are shown in the right panel
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of uncertainty as to whether eradication has been 
achieved. With the data and parameters used here, at 
the end of 2020 the modelling estimated a 0.75 PoA 
with 95% confidence intervals ranging from 0.30 
to 0.93. This is not to say that eradication has not 

occurred, but only that our confidence in successful 
eradication remains insufficient to pull financial and 
logistical resources away from this project. Forecast-
ing forward and using the surveillance effort from 
2016-2018, high confidence in eradication should be 
achieved by June 2022.

If successful, the eradication of nutria from the 
1.7M ha Delmarva Peninsula, U.S.A. will be the 
largest area from which a mammal has been eradi-
cated. This case study demonstrates the utility of the 
two-staged and multi-zoned approach to conduct-
ing and confirming eradication success over very 
large areas  (Anderson et  al. 2017). Accounting for 
the varying time since nutria were last found in the 
different zones was particularly important for model 
results. If surviving nutria were present, the popula-
tion would grow, which would result in an increasing 
zone sensitivity with increasing population expan-
sion. The sensitivity analysis showed that the esti-
mated time to confirming eradication decreases dra-
matically with increasing Annual increase occupied 
cells (Fig. 5). We reiterate the importance of assign-
ing minimum expected values for Occupied cells 
and Annual increase occupied cells. Nutria are con-
sidered a highly fecund species, with early matura-
tion, multiple litters per year and litter sizes of 4–6.5 
offspring   (Willner et  al. 1979; Runami et  al. 2013; 
Brown 1975). In the Delaware management zone 
(Fig. 1), for example, the last nutria seen was in 2005, 
and the Occupied cells in 2022 had grown to 18 cells. 
This is equivalent to 0.006% of the zone area, which 
could be considered well below the expected mini-
mum. This is appropriate given that nutria is a cold 
sensitive species   (Gosling and Baker 1989; Runami 
et al. 2013), and this area is at their northern physi-
ological limit  (Hilts et al. 2019), which could result 
in a low population growth rate. Individuals in this 
population have been observed to huddle in large 
groups during cold weather periods to conserve heat 
among conspecifics (Pepper pers. comm.). When at 
low population density, few individuals with which 
to aggregate could result in increased over-winter 
mortality and low population growth approaching 
an Allee effect   (Courchamp et al. 1999). Therefore, 
a Annual increase occupied cells of 1 cell ⋅ year−1 
was an appropriate value for confirming eradication 
success.

Another novel feature of this eradication program 
and analysis was the use of public surveillance to 

Table 3   Mean and 95% confidence intervals of zone sensitivi-
ties (SeZ) by year

Years Zones SeZ Lo 95% CI Hi 95% CI

2015 Blackwater 0.19 0.17 0.28
2016 Blackwater 0.43 0.41 0.47
2017 Blackwater 0.62 0.60 0.66
2018 Blackwater 0.66 0.63 0.71
2019 Blackwater 0.76 0.73 0.80
2020 Blackwater 0.86 0.84 0.89
2021 Blackwater 0.85 0.83 0.89
2022 Blackwater 0.90 0.88 0.93
2015 Eastern shore of 

virginia
0.05 0.01 0.43

2016 Eastern shore of 
virginia

0.15 0.06 0.29

2017 Eastern shore of 
virginia

0.23 0.12 0.36

2018 Eastern shore of 
virginia

0.28 0.17 0.45

2019 Eastern shore of 
virginia

0.23 0.10 0.43

2020 Eastern shore of 
virginia

0.32 0.17 0.53

2021 Eastern shore of 
virginia

0.37 0.24 0.59

2022 Eastern shore of 
virginia

0.33 0.14 0.57

2015 Maryland 0.05 0.00 0.71
2016 Maryland 0.25 0.08 0.48
2017 Maryland 0.29 0.09 0.53
2018 Maryland 0.29 0.10 0.56
2019 Maryland 0.31 0.10 0.59
2020 Maryland 0.35 0.13 0.63
2021 Maryland 0.35 0.15 0.66
2022 Maryland 0.40 0.14 0.69
2015 Delaware 0.06 0.00 0.78
2016 Delaware 0.29 0.09 0.54
2017 Delaware 0.33 0.10 0.58
2018 Delaware 0.32 0.10 0.61
2019 Delaware 0.34 0.10 0.64
2020 Delaware 0.38 0.14 0.68
2021 Delaware 0.37 0.14 0.70
2022 Delaware 0.43 0.15 0.73
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detect survivors. Generally, the value of public 
reporting and our ability to make inference on it 
across biosecurity surveillance systems is increas-
ing   (Pawson et  al. 2020; Caley et  al. 2020). The 
sensitivity of public surveillance for nutria is very 
low, but critical because it covers most of the pen-
insula increasing the spatial coverage of surveil-
lance. Broadscale eradication programs are unlikely 
to be successful without ancillary low-cost surveil-
lance with wide spatial coverage. Another example 
of ancillary surveillance is the use of livestock as 
sentinels for detecting bovine tuberculosis (caused 
by Mycobacterium bovis) in a population of brush-
tail possums   (Trichosurus vulpecula;  Nugent 
et  al. 2018). Management zones in this broadscale 

eradication effort of bovine tuberculosis will receive 
little to no Stage II active surveillance, however 
ongoing slaughterhouse carcass inspection of cattle 
can detect the disease, which could signal its pres-
ence in the surrounding possum population. While 
public reporting for nutria on the Delmarva Penin-
sula is relatively inexpensive, it is not free. Public 
reporting of sightings is contingent on an awareness 
campaign, and the capacity to screen, visit and ver-
ify reports. Our analysis showed that an increased 
investment in public surveillance could decrease the 
time to eradication. An increased investment must 
come with either an augmented budget or realloca-
tion of resources away from active surveillance in 
the high risk areas. Our modelling did not reduce 

Fig. 4   Spatial sensitivity for 2017 shown in the grey grada-
tion. The sensitivity represents the probability of detecting a 
nutria given that its homerange center was in the correspond-

ing grid cell. The box in the inset map shows the zoomed-in 
area on the Delmarva Peninsula
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active surveillance to counter the increase in public 
surveillance.

How an eradication program strategically distrib-
utes resources between active surveillance in high 
risk areas and surveillance coverage of lower risk 
areas requires further investigation. A critical fac-
tor in determining how to balance the allocation of 
resources in Stage II of a broadscale eradication are 
the financial and logistical consequences of a sur-
viving population going undetected for an extended 
period of time   (Anderson et  al. 2017). If the popu-
lation grows rapidly and the costs of recontrol (i.e. 
reducing the population to zero), following the even-
tual detection of the surviving population, are high 
relative to the costs of surveillance, then the alloca-
tion of resources should be shifted towards increas-
ing coverage with more indirect surveillance, such as 
public reporting. However, the optimal allocation in 
other scenarios requires further investigation.

In summary, this study has demonstrated the utility 
of the broadscale eradication framework   (Anderson 
et  al. 2017) for making inference on the probability 
of eradication over large areas where control and sur-
veillance activities are required to be conducted over 
several years in order to completely treat the region of 
interest. A critical component of this framework is the 

ability to use information on the likely rates of popu-
lation increase and spread in the event that undetected 
survivors persist. Using this information along with 
the time since last detection of an invasive is critical 
for making more informed inference from the avail-
able surveillance data. Hence, the broadscale eradica-
tion framework provides a flexible tool for managers 
to make quantitative estimates of the probability of 
absence that makes allowances for possibilities for per-
sistence or re-invasion, which become more likely as 
invasive species eradication programs are applied to 
increasingly large areas.
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