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Evidencing success: Data 
requirements to model the 
impacts of long-term 
management of invasive squirrels
Zelda van der Waal * and Aileen C. Mill 

Modelling Evidence and Policy Group, School of Natural and Environmental Sciences, Newcastle 
University, Newcastle upon Tyne, United Kingdom

Established widespread populations of invasive vertebrates can be challenging to 
eradicate and for small to medium-sized vertebrates, such as squirrels, is often not 
deemed feasible. However, long-term trapping campaigns are necessary to limit 
spread or reduce impacts. The scale of trapping programmes is often limited by 
budgets that are not commensurate to the scale of the problem. On-going costs 
and fundraising are key factors used by decision makers to assess the feasibility of 
complete removal or long-term management options of established populations. 
Predicting the time and effort required to successfully manage Invasive Alien 
Species (IAS) remains a challenge, particularly where different strategies need to 
be employed across different spatial scales and habitat types, and in response to 
changing population densities. Statistical methods such as removal models can 
be applied to quantify population abundance during management operations and 
could inform planning of resource requirements. However, in practice, the lack 
of awareness of data requirements results in unsuited or non-standardized data 
collection. We present data from an invasive grey squirrel (Sciurus carolinensis) 
management project in the United Kingdom as a case study to illustrate common 
issues that impact on quantifying project outcomes. We  focus on human 
and operational aspects of implementation and suggest ways of prioritizing 
analytical requirements. Insights consider conservation targets, data collection 
and operational design and may be of relevance to stakeholders, analysts, field 
operators and managers.
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1. Introduction

Conservation of threatened species includes their protection from threats. One of the major 
threats is Invasive Alien Species (IAS), and successful IAS management has prevented species 
extinctions (Bolam et al., 2020). Many vertebrate IAS eradications have been documented, often 
removing small rodents from small, uninhabited islands using poisons (Robertson et al., 2017). 
Poison bait strategies are relatively well-established with good guidance on feasibility and 
spatiotemporal deployment of campaigns (Broome et al., 2014; Keitt et al., 2015) but are not 
suitable where non-target species are of concern. Instead, live capture trapping followed by 
humane dispatch is the main removal method for medium-sized invasive mammals but can 
be labor-intensive and costly, as traps can be dispersed across large landscapes and require 
regular checking.
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In the UK, the invasive grey squirrel Sciurus carolinensis is subject 
to live capture trapping campaigns as a conservation measure to 
protect the native red squirrel Sciurus vulgaris. Best practice guidance 
provides technical information for practitioners (e.g., trap types, trap 
setting, Gill et al., 2019; UK Forestry Standard Technical Note, 2019; 
Smith et al., 2022) and much of the activity is carried out unmeasured. 
While live capture trapping campaigns for invasive mammal 
eradications have been documented and summarized (Robertson 
et al., 2017; Mill et al., 2020), only in a few cases is sufficient detail 
reported to assess the effort and resource required for successful 
eradication (Parkes et al., 2014).

For coordination of long-term management (e.g., where the 
objective is to reduce impact through reduction in density or removal 
from a discrete area) guidance on cost-effective strategies of live 
capture campaigns and methods to demonstrate success are lacking. 
Below we highlight the need for models and metrics for long-term 
management, and then discuss the impact that data availability can 
have on assessing management impact and predicting management 
costs using the Red Squirrels United project as a case study. We suggest 
these elements are considered by project managers when designing 
trapping strategies.

1.1. Measuring success, need for models

Removal models are designed to estimate population abundance 
as individuals are extirpated through control operations: they are 
therefore well-suited for estimating IAS populations as they are 
managed (Davis et al., 2016). Model outcomes are instrumental to the 
evidence-based analysis of trends in the effectiveness of control 
operations; they can inform management locally and support 
guidance for effective control (McGeoch and Jetz, 2019).

In animal populations, local abundance is expected to vary 
seasonally and through years with naturally occurring processes of 
population dynamics (e.g., births and deaths) and movement. 
Additionally, when the population is invasive and controlled, 
removals may affect density-related processes (e.g., change in 
availability via change in spatial dispersion). By structuring 
removal data collected via a robust design approach (with repeated 
random sampling during a “closed” period and estimation of 
natural population dynamics during subsequent “open” periods) 
removal models may account for changes relating to population 
dynamics and temporary emigration (Kéry and Royle, 2015; Zhou 
et  al., 2019). Remaining changes in removal data may then 
be attributed to the control operations.

Various model formulations exist that target specific challenges 
but removal models remain complex with ongoing developments 
(Udell et al., 2022) and challenging data requirements. The estimation 
procedure will be compromised when operations are undertaken that 
do not allow detection of a decrease in population abundance. For 
instance, expending effort where individuals are rare may 
be counterintuitive to practitioners but will result in a lack of data 
preventing quantification of the trapping effort required where 
population densities are low. Rotation of trapping activities between 
densely populated areas without observing a decrease in captures may 
appear to be  successful (animals are constantly removed) but the 
efficiency cannot be quantified with a removal model. Trapping where 
capture rates are low could be conducted with the use of automated 

trap monitoring or smart traps that reduce the need for human 
resource (e.g., alerting operator when a trap door closes via mobile 
phone, Martin, 2022).

Lastly, removal data may also contain common sources of bias 
(e.g., detectability or observer bias, spatial clustering of effort, 
preferential sampling) that may lead to a biased estimation of 
population trends (Link W.A. et al., 2018; Link W.W. et al., 2018) and 
should be avoided when initially designing field operations in time 
and space. Subsequent monitoring is also encouraged (Ramsey 
et al., 2010).

1.2. Metrics of successful management

Catch per unit effort (CPUE) is a commonly used metric to 
standardize capture rates to facilitate comparison. Trapping campaigns 
routinely report CPUE as the number of animals removed per ‘trap-
night’, a unit that has been used as a metric of management success for 
over 100 years (Grinnell, 1914). However, its interpretation remains 
ambiguous: 500 trap-nights may imply running 50 traps for 10 nights 
or 100 traps for 5 nights (or any combination). The aggregation does 
not allow assessment of the distinct contribution of trap number and 
duration as separate, yet interacting, factors affecting removal success. 
As a result, reported management protocols are unreproducible and 
uninstructive. This ambiguity also challenges reliable costing of 
control operations as materials and rangers’ time are 
budgeted separately.

1.3. Making management decisions to 
facilitate success

Managers with limited resources must choose where and when to 
use them. Trapping operations tend to be focused where the problem 
appears worst on the ground, rather than using a strategic approach 
to collect data to inform models to improve knowledge and 
understanding of the impact of management. Often the vast 
landscapes where IAS management is required cannot be covered 
adequately under the operational logistics (number of staff, travel 
time, working hours) of the available resources. Funder requirements 
can contribute to poor decision-making by simplistic operational 
targets of number of animals removed or tight timelines rather than 
objectives of density reduction or spread limitation. Any systematic 
biases in the operational management decisions will impact the data 
collected and the interpretation of the model outputs. Ultimately this 
hampers our ability to learn about effective management strategies 
and how these may change with population density.

With the available statistical methods and advances in 
understanding about data recording being recognized as important 
for conservation, it is of concern that modeling approaches are not 
routinely used by managers to demonstrate progress. We  seek to 
improve awareness of how management decision-making impacts 
data quality and the ability to make reliable assessment of the impact 
of control operations. We discuss the impact of landscape dynamics, 
operational decisions and resource deployment and their interactions 
as barriers to being able to document success. We  evidence each 
theme with data from a case study of grey squirrel control to illustrate 
the issues and present evidence of costed control strategies.
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2. A case study of invasive grey 
squirrel control in the UK

The control of grey squirrels in the UK is not centrally coordinated 
but undertaken in multiple areas by local groups, charities and wildlife 
organizations with a shared interest in conservation of the red squirrel 
or reduction of impact of grey squirrels on woodlands (MacKenna, 
2020). Local removals of a widespread and highly dispersive mammal 
such as the squirrel can be  inefficient or ineffectual as remnant 
populations will disperse back into cleared areas. Long-term 
management is often needed but obtaining repeated funding to carry 
out activity in the same areas year on year is challenging (Mill 
et al., 2020).

The Red Squirrels United (RSU) programme was a 5-year 
collaboration funded by EU LIFE14 and National Lottery Heritage 
Fund, and the first in bringing together a partnership of academics, 
practitioners and volunteers across Northern Ireland, Northern 
England and Wales in areas of red squirrel conservation to assess 
management effectiveness and community awareness.

The RSU project was an opportunity to quantify and contrast the 
impact of the management strategies of invasive grey squirrel in 
distinct and well-defined contexts of invasion. The perceived density 
and distribution of grey and red squirrel populations were major 
drivers of conservation goals in each project area. In practice the 
management implemented also varied with resource availability and 
local habitat context (e.g., forestry plantation to urban gardens and 
parkland). Previous experience in grey squirrel management 
influenced protocols and monitoring, data recording and collection, 
and eventually data quality.

The intention to use removal models to assess management 
impact was ultimately prevented as data availability or quality was not 
sufficient to fulfill the model requirements. We outline obstacles the 
project faced in attempting to quantify conservation actions and make 
recommendations to improve data quality to support analysis of 
management impact.

2.1. Metrics and units of trapping effort

Trapping effort was compared across the different geographic 
contexts and landscapes; the smallest area trapped was approximately 
420 km2 and composed of well-connected patches of self-contained 
woodlands, the largest area trapped was 4,000 km2 of forestry 
plantation. Grey squirrel densities were considered higher in 
fragmented woodlands than in forestry blocks, according to sightings, 
but this was not measured systematically.

Landscape features such as size of woodlands and the seasonal 
ecology of squirrels were expected to influence trapping effort (we 
recorded area covered, number of traps, duration) noting when 
natural food sources (such as tree seeds, Gill et al., 2019) were high, 
trapping is deemed less successful. Published advice for grey squirrel 
control is approximately one trap per hectare (Gill et al., 2019) but in 
practice we  found this to be  two traps per hectare on average 
(Figure 1). Where grey squirrel density was perceived to be high, more 
intensive trapping was conducted throughout the year trapping areas 
were large (annual average 7.89–11.61 ha), trap density was high at 
approximately. Three traps per hectare, sessions were long (>4 days) 
as well as pre-baiting (>2.5 days), potentially reflecting a pattern of 

working through the week and closing traps over the weekend. Where 
perceived densities were not as high, trapping was more seasonal with 
higher trap densities and shorter pre-baiting and control sessions 
(approximately 2 days) where controlled areas were smallest (4.37 
traps ha−1 for an annual average area of 3.43–3.45 ha−1). These were 
generally in a patchy landscape of woodlands around urban and 
agricultural land.

Very low trapping densities over large areas can be where grey 
squirrels have been removed and the populations density is low or 
where the grey squirrel density is not known and a low density of traps 
are set out to monitor a large area efficiently. We found that larger areas 
had low trap densities at all perceived levels of grey squirrel density 
(Figure 1, left column), likely reflecting limitations or lack of resources, 
such as operator effort and time, rather than a decision in strategy.

Trapping densities should ideally be calculated as the number of 
traps set over an area defined using individual trap locations. However, 
the importance of geo-referencing in estimating control effort was not 
prioritized by all managers, so a precise computation of the area was 
not always possible. As illustrated on Figure  1, trapping densities 
could not be assumed to be constant. So, where absent, the trapped 
area was estimated on-site or post-hoc by the operator and used with 
the recorded number of traps set to derive the trap density.

Here we  emphasize that determining how trap density will 
be recorded consistently to avoid having to make estimates should 
be an intrinsic part of efficient strategy planning. Metrics such as trap 
density or CPUE may be familiar metrics to managers however the 
relevance and adequacy of how these are determined and recorded 
should be reassessed against each project goals.

2.2. Operational design for good data: 
Considering model requirements

The design of a trapping strategy is affected by a number of both 
general and site-specific challenges that do not relate to the 
conservation goals or the squirrel ecology but will ultimately affect the 
analysis of the data collated and their analysis or interpretation. 
Management decisions reflect a balance between resources available, 
the landscape to cover and logistics. Manpower, often dictated by 
available budget, determines the number of traps deployed and the 
duration of each trapping session. RSU partners typically had one or 
two practitioners, increasing up to six working seasonally. Trapping 
was routinely halted for weekends and holidays, with varying trapping 
durations (e.g., between 2 and 24 h, four to 5 days weekly), although 
short trapping sessions were insufficient to observe a decline in capture 
rates thereby preventing adequate application of removal models.

The data recorded by RSU practitioners evidenced preferential 
trapping locations toward sites associated with ease of access or 
proximity to roads. Familiarity with the area may also be a factor for 
site selection, leading to selective revisiting of sites by practitioners 
rather than a randomized attribution of control site locations between 
practitioners. Observed variation in capture rates between trapping 
locations may reflect differences in approach or experience (e.g., trap 
placement, baiting techniques) or an inherent factor about the 
locations practitioners are working in, rather than the squirrel 
behavior and ecology as intended.

A lack of strategic direction will invite short-term management 
objectives, and result in practitioners visiting sites they consider more 
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densely populated with IAS and therefore problematic, rather than 
prioritizing a spatial distribution of their effort that respects the 
underlining statistical constraints that condition a model applicability. 
Employing practitioners to conduct trapping also encourages their 
interest to lie closer to high capture rates rather than reaching overall 
conservation goals. Maintaining trapping effort where densities are 
or become low can seem counterintuitive, so it should be explicitly 
planned since regardless of the spread of data in time and space, if 
repeated sampling is routinely interrupted as the IAS density is 
reduced, our ability to make predictions about the remaining 
population will remain limited.

Effective and efficient data flows remain a challenge when 
implementing long-term invasive species management (Mill et al., 
2020) but are needed to document and evidence management success. 
In the RSU case study, we routinely found that data entry work was 
undervalued with insufficient time dedicated and limited training. 
Desktop-based skills are also not necessarily an expectation of the role 
when rangers are recruited, so potential training needs for data entry 
should be evaluated and addressed.

Ideally datasets should be structured and adhere to well-defined 
standards in order to avoid common challenges that prevent data 
integration including sampling bias, bad practices preventing scaling 
and unbalanced data (Zipkin et al., 2021). While digital innovation can 

help resolve many of these issues, there is a danger that, without 
co-ordination, different projects invest and design their own individual 
data-collecting mechanisms, making data sharing and comparison at a 
broad scale more challenging or impossible (Wilson, 2018). Systems that 
allow integrating monitoring and sightings data are becoming more 
common and allow the implementation of citizen science approaches to 
provide data at a range of scales, and can be targeted to specific locations.

2.3. Impact on costing and future IAS 
management

Operational costs of trapping to remove invasive species will scale 
with the stage of invasion (and hence target species density) and 
management objectives (complete removal or spread/impact 
reduction). We  modeled costs based on the observed trapping 
densities and capture rates to provide some guidance for future 
management planning (Table 1). We found the highest operational 
costs were where squirrel density was in greatest density and reduction 
was the management objective. Capture rates are high but the resource 
requirements are also high. RSU data showed that a single practitioner 
can operate up to 50 traps in a session and undertake the most 
trapping sessions per week for the highest capture rates, but this also 

FIGURE 1

Observed relationship between trapping area and trapping density. The black dots represent the matched parameter values recorded by operators 
during each session throughout the duration of the project; surfaces of similar point density are illustrated by isopleths (average values are specified for 
the highest density surfaces). Trap density was partitioned into levels to assess associated trends. Each row represents a different project area 
associated with a distinct perceived stage of invasion and management goal. Note the varying limits of both the x and y axis.

https://doi.org/10.3389/fevo.2023.1105091
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


van der Waal and Mill 10.3389/fevo.2023.1105091

Frontiers in Ecology and Evolution 05 frontiersin.org

varied seasonally. A more strategic, targeted trapping strategy was 
employed where the perceived IAS density was moderate, this 
approach required fewer traps and reduced costs. At its peak, trapping 
success rates can make this a cost-effective strategy however this is 
likely to be dependent on the landscape under control.

The greatest uncertainty in operational costs occurs when the 
target species density is low. This can occur at the start of an invasion 
or at the latter stages of an eradication when the approach is targeted 
and focuses on single individuals. Operational costs are highly 
dependent on the time to detect and capture individuals. Average 
costs remain high and the number of captures can be very low. Remote 
monitoring, for example through camera traps, can be  used to 
improve detection rates.

In the longer term, landscape connectivity strategies are key to 
maintaining areas free of grey squirrels. At that stage, costs associated 
with monitoring for IAS (re)invasion may be mitigated by focusing 
monitoring and/or trapping to key potential points the IAS is likely to 
use for (re)entry, identified by least cost pathways mapping.

3. Recommendations for management 
decisions

To allow management objectives and effectiveness of methods 
to be  comparable between areas or across different projects, 

standardized metrics are needed. Assessing the effectiveness 
of a control strategy requires a measure of control effort that 
is clear about the context, scale and units of the intervention, 
even when similar operations were previously undertaken. 
For invasive mammal programs we  recommend that removals 
are recorded alongside a measurement of control effort that 
documents space and time in a standardized way, such as 
daily applied trapping density and duration. Trapping strategies 
must aim to avoid bias such as clustering and preferential site 
visits, and plan for repeated site visits with robust design. Data 
recording must be enforced with clean entry, efficient storage, and 
dedicated time for operators including training if relevant. Only 
when these data are collected routinely will we be able to make 
evidenced based predictions about the cost effectiveness of 
control programs.

The collaboration of field practitioners and analysts across the 
RSU partnership led to a proposed framework for modeling the 
impact of control operations on the IAS population abundance 
(van der Waal and Mill, 2020). The framework allows managers 
to consider the competing impacts inherent with the landscape 
they are working in. They can make informed operational 
decisions, given their resource limitations, to maximize the data 
quality required for robust assessment of removal operations, and 
to optimize knowledge transfer and best practice in measuring 
management success.

TABLE 1 Estimation of the time and cost required for a given number of grey squirrel captures under different combinations (high to low) of perceived 
IAS density and season.

Scenario Perceived invasive grey squirrel density

High Moderate to high Low to moderate

Objective March June September Peak trap 
use

Low trap 
use

Average trap use

Computed cost (ranger time + material)

Trap stocking €912 €950 €380 €418 €190 €133

Weekly expenses €494 €501 €453 €462 €430 €453

Typical captures as mean (min-max) 20 (2–71) 28 (3–223) 9 (0–43) 34–35 0–1** 1–25

Average number of ranger weeks required per targeted number of captures

10 captures 0.5 0.4 1.1 0.3 NA*-10** 0.4–10

50 captures 2.5 1.8 5.6 1.4 NA* NA*

Weekly budget required per targeted number of captures (no trap stocking cost)

10 captures €247 €200 €498 €139 NA*-€4,303** €181–€4,527

50 captures €1,236 €901 €2,535 €647 NA* NA*

Budget and return for 42 control weeks (one work year), one ranger

Trap stocking €912 €950 €380 €418 €190 €133

Total weekly expenses, 42 weeks €20,760 €21,029 €19,013 €19,416 €18,072 €19,013

Total 42 weeks budget €21,672 €21,979 €19,393 €19,834 €18,262 €19,146

Expected captures 840 1,176 378 1,449 NA* 42-NA*

Cells marked * represent a scenario that is not sensible as it would associate high captures rates (implying high abundance) to a site with low grey squirrel density. In cells marked 
**, the maximum number of captures a week was taken to be 1 for illustrating the prediction scenario (RSU data suggests a maximum and minimum of 0 capture a week at low trap 
use after rounding) so the average weekly capture was not relevant; range for typical captures in low perceived grey squirrel density is also given without an average, reflecting high 
variation between targeted individuals. Field costs for a trapping operation were costed as manpower time and material used (trap and bait material) assuming the following 
estimated costs: practitioner annual cost, €20,000; live capture squirrel trap, €19; bait material (maize and sunflower mix), fixed at €41 per 40 kg but the amount required increases with 
perceived grey squirrel density; miscellaneous items (including trap covers, disinfectants and ammunition), fixed at €1,024 per practitioner; additional fuel cost and training costs were 
not included.
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