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Abstract
Monitoring is needed to assess conservation success and improve management,
but naïve or simplistic interpretation of monitoring data can lead to poor deci-
sions. We illustrate how to counter this risk by combining decision-support tools
and quantitative counterfactual analysis. We analyzed 20 years of egg rescue for
tara iti (Sternula nereis davisae) in Aotearoa New Zealand. Survival is lower for
rescued eggs; however, only eggs perceived as imminently threatened by preda-
tors or weather are rescued, so concluding that rescue is ineffective would be
biased. Equally, simply assuming all rescued eggs would have died if left in situ is
likely to be simplistic. Instead, we used the monitoring data itself to estimate sta-
tistical support for a wide space of uncertain counterfactuals about decisions and
fate of rescued eggs. Results suggest under past management, rescuing and leav-
ing eggs would have led to approximately the same overall fledging rate, because
of likely imperfect threat assessment and low survival of rescued eggs to fledg-
ing. Managers are currently working to improve both parameters. Our approach
avoids both naïve interpretation of observed outcomes and simplistic assump-
tions thatmanagement is always justified, using the samedata to obtain unbiased
quantitative estimates of counterfactual support.

KEYWORDS
confusion matrix, decision making, decision tree, endangered species, hindsight bias, impact
evaluation, nest management, uncertainty

1 INTRODUCTION

Ecosystem restoration and species recovery often require
decades of close-order management (Young et al., 2014).
During that time, managers need to assess and adjust
actions in response to improved knowledge and chang-
ing conditions. To know what is working and what must
be changed, monitoring data are usually accumulated,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Conservation Letters published by Wiley Periodicals LLC.

often at great expense and effort (Buxton et al. 2020).
However, monitoring data may be harder to interpret
than managers anticipate: many programs make incor-
rect inferences from those data (Christie et al., 2019) or
fail to use them at all, perpetuating management that
does not achieve its objectives and makes poor use of lim-
ited resources (Lindenmayer et al., 2013; Buxton et al.,
2020).
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Management also often evolves ad hoc, because expecta-
tions and resources change, and speedy interventionmight
initially be prioritized over thorough decision-making.
For example, critically endangered species often require
intensive mitigation of all possible threats like predation,
human disturbance, or poor weather, combining multi-
ple actions without perfect knowledge of the key threats
(Jones et al., 2018). Managers might then be reluctant to
change ongoing actions or to implement robust experi-
mental approaches including controls, possibly because
of risk aversion or status quo bias (Canessa et al., 2019;
Runge, 2011). Moreover, conservation decisions rely heav-
ily on expert judgement (Martínez-Abraín & Oro, 2013;
Walsh et al., 2019), often with informal examination of
outcomes from small samples.
To improve evaluations, conservation increasingly

adopts counterfactuals to assess outcomes where con-
trols are not available (Ferraro, 2009; Bull et al., 2021;
Jellesmark et al., 2021). A counterfactual is an “if–then”
hypothetical statement about what would have happened
if a different action had been taken; for example, “if its
habitat had not been protected, then the species would
have declined further instead of recovering as it did.”
Counterfactuals are a key tool to understand causality
and can help reduce bias. However, if not built carefully,
counterfactuals can enable “just-so” storytelling, where
one implicitly justifies their original choice, assuming
the counterfactual outcome would have been just as
initially expected, without truly critically evaluating the
hypothetical alternative (Roese & Olson, 1996). This can
happen if the focus is too narrow (too few counterfactual
scenarios that do not represent true uncertainty) or if
the evaluation relies on subjective judgement without
trying to reduce bias. These challenges are especially
relevant in conservation, where data are scarce and messy,
feedback slow, and causality difficult to infer, so multiple
counterfactuals remain rare (Bull et al., 2021). Some level
of subjective expert judgement is inevitably required
(Baylis et al., 2016; Bull et al., 2021; Coetzee & Gaston,
2021), for example, when assessing whether a given action
has prevented extinction (Hoffmann et al., 2015).
In summary, counterfactuals can significantly improve

conservation decisions, but ideally, they should explore
a range of scenarios and be assessed based on empiri-
cal evidence. In this study, we illustrate how to carry out
such a broad, evidence-based counterfactual evaluation
using an extreme example of a critically endangered bird,
tara iti (New Zealand fairy tern Sternula nereis davisae).
Rescue of threatened tara iti eggs is a key conservation
action, but in the absence of control, evaluation needs a
counterfactual approach across a wide range of scenarios.
We combine a decision tree and a classification matrix to
quantitatively evaluate past management and to identify

possible improvements across a wide range of uncertain
counterfactual scenarios for tara iti.

2 METHODS

2.1 Study system and decision context

Tara iti is the rarest breeding tern in Aotearoa New
Zealand, listed as “Nationally Critical” (Robertson et al.,
2021), with a population of approximately 35–40 adult birds
in 2021 (Department of Conservation, unpublished data;
McMurdoHamilton et al., 2021). It currently breeds at four
sites close to estuarine and oceanic waters, on open sandy
areas with little vegetation and patches of shell. Tara iti
lay one to two eggs in a “scrape” on the sand, primar-
ily on low-lying shell patches (Treadgold, 2000). During
the breeding season, tara iti are vulnerable to predation of
eggs, chicks, or adults by invasive mammalian predators
and avian predators, nest disturbance or destruction by
humans, and nest failure due to chilling, sanding, or tidal
flooding of eggs, often in combination with poor weather
(Treadgold, 2000).
Since 1997, all tara iti eggs have been monitored closely

and, whenever threats are perceived, eggs are rescued to
prevent nest failure. Whilst fledging rates improved dur-
ing 1991–2002, it is unknownwhether this was attributable
to egg management (Ferreira et al., 2005). Tara iti man-
agement and monitoring data collection are coordinated
by Aotearoa—New Zealand’s Department of Conservation
(DOC) with support fromDOC rangers and scientific staff,
community volunteers, and Auckland Zoo.
Eggs are subject to two types of management: habitat

management and egg rescue. Habitat management aims to
maximize safe nesting locations and limit human distur-
bance with fences, ranger activities, creating shell patches,
as well as lethally controlling native and non-native preda-
tors. Occasionally, if a nest is at risk from flooding events,
sandbagwalls and trenches are used in situ to stem the tide
(Ferreira et al., 2005; Hansen, 2006). All eggs in this study
were managed by such habitat improvement and predator
control, which we do not assess here.
Direct egg rescue, the focus of this study, aims to max-

imize reproductive success when a threat to a nest—such
as a nearby predator or flooding tide—is detected, despite
habitat management and predator control. Managers con-
sidering such direct management have four alternative
actions available: (1) leave eggs in situ, (2) shift nests with
fertile eggs away from tidal inundation, (3) transfer imper-
iled eggs directly to foster pairs, and (4) bring eggs into
temporary captivity (at Auckland Zoo) until the threat has
passed and return them to either natal parents or foster
pairs (details in Table 1). The assumption is that, when an
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TABLE 1 Description of alternative egg rescue actions available to managers when a threat has been detected that is insurmountable by
other forms of management

Action Description
None No management (nest left as it is)
Donate Eggs removed and either directly transferred to foster parents or via Auckland Zoo first (for

≤1 day)
Artificial incubation with
donation

Eggs removed and incubated at Auckland Zoo (for >1 day); natal parents abandon. Eggs
donated to foster parents later

Artificial incubation with natal
return

Eggs removed and incubated, in situ or at Auckland Zoo (>1 day); dummy eggs put in natal
nest. Eggs later returned to parents

Shift Nest is gradually shifted away from incoming tide or sand over a period of a few hours

egg is perceived under imminent threat, implementing one
of actions 2–4 increases its chance of fledging compared
to leaving it in situ. This approach and its suite of man-
agement actions has remained relatively unchanged since
1997. Hereafter, for brevity we refer to “rescued eggs” and
“eggs left in situ” to indicate, respectively, eggs that were
or were not manipulated in response to an immediate risk
(action 1 above).

2.2 Decision analysis

We investigated the effectiveness of egg rescue by summa-
rizing the survival of eggs rescued and left in situ, with a
focus on those lost to threats that the program controls for
(storms, tides, and predators). We visualized the decision
to rescue or leave eggs, and the sequence of events that fol-
lows, using a decision tree (Figure 1; Behn, 1982). On each
branch, uncertainty nodes represent possible egg or chick
fates after a decision: survive (egg hatch or chick fledge),
die due to threats preventable by rescue (predator, tide, or
storm), and die due to other/unknown causes. The artifi-
cial incubation branch includes an additional uncertainty
node, because some eggs are dead on arrival to captivity or
die in captivity, and a subsequent decision node to choose
between returning surviving eggs to natal parents or donat-
ing them to foster parents. For all branches, the ultimate
outcome is whether an egg survives to fledging stage.
To estimate the overall fledging probability along each

branch, we estimated probabilities for each uncertainty
node. We analyzed DOC’s breeding data from 1997 to
2017 (n = 505 eggs, of which n = 299 were fertile at
candling), and categorized egg rescue types (Table 1),
outcomes, and causes of failure (Table 2). We estimated
multinomial probabilities in a Bayesian framework using
JAGS (Plummer, 2003) through the “jagsUI” package in
R (Kellner, 2015). We obtained 10,000 posterior samples
for each probability using an uninformative Dirichlet prior
(code in Supporting Information). We entered the esti-
mated probabilities in the corresponding tree nodes and

calculated each branch’s probability of success (fledging)
by multiplying the estimated probabilities. For example,
the probability of an egg fledging after being donated
to another pair was calculated as 𝑝 (success|donate) =
(𝑝(survive zoo)) (𝑝(hatch|donate))(𝑝(f ledge|donate)). To
propagate uncertainty, we repeated calculations for each
set of posterior samples, obtaining a full probability distri-
bution for fledging probability for each branch. However,
we knew these results are likely biased because eggs are
rescued in response to a perceived threat, not randomly, so
we interpreted them further using counterfactuals.

2.3 Counterfactuals to evaluate and
improve outcomes

Tara iti eggs are rescued or left in situ depending on
whether an immediate threat is perceived. There are two
uncertain underlying parameters: the true accuracy of clas-
sification a, that is, the proportion of eggs whose fate at
fledging was accurately predicted by managers, and the
counterfactual rate of egg failure f, that is, the proportion
of eggs that would have failed had they been left in situ.We
estimated these two parameters using a confusion matrix
(Equation 1):

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝑇𝑜𝑡𝑎𝑙

(𝑚𝑎𝑛𝑎𝑔𝑒𝑑) (𝑢𝑛𝑚𝑎𝑛𝑎𝑔𝑒𝑑)

𝑇𝑟𝑢𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑇𝑃 𝐹𝑁 Nt

𝑇𝑟𝑢𝑒 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 𝐹𝑃 𝑇𝑁 Ns

𝑇𝑜𝑡𝑎𝑙 Nm Nu N

(1)
The matrix contains three observed outcomes that can

be predicted from parameters a and f: TN, true negatives
(eggs left in situ that survived), calculated as N(1 – f)a; FN,
false negatives (eggs left in situ that failed), calculated asN
f (1 – a); and Nm, the total number of rescued eggs, calcu-
lated as N [fa + (1 – f)(1 – a)]. The total number of eggs N
is thus equal to N = TN + FN + Nm. We implemented the
equations above in JAGS to obtain posterior distributions
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MCMURDO HAMILTON et al. 4 of 8

F IGURE 1 Decision tree showing the options for tara iti egg management after a threat has been detected. Each branch represents an
egg management alternative and the temporal sequence of events from left to right. Squares represent decision points, ovals represent
uncertainty nodes, and hexagons represent outcome in terms of hatch or fledge probability. Outcomes described on first branch apply to all
branches but are not repeated across other branches to ease visualization. The numbers on each branch indicate the corresponding number of
eggs in the dataset.

TABLE 2 Description of apparent causes of egg or chick failure, as recorded upon occurrence and categorized using the notes in the
historical tara iti management dataset

Outcome Apparent cause Description
Abandon Embryo death, tide/storm,

one parent, human
disturbance, unknown

Parents have abandoned the eggs, cause inferred. Embryo death is
discovered at time of postmortem. One parent indicates one of the pair
left or died, leaving the other who also subsequently abandoned.

No hatch (egg) Embryo death, tide/storm,
damage, unknown

Like above, but field notes do not make it clear whether the pair
abandoned, did not incubate enough, or field staff removed egg.

Removed (egg) Infertile, embryo death,
tide/storm, unknown

Eggs were removed either because the eggs were known infertile, parents
had stopped incubating, or eggs had gone over date they could feasibly
hatch, releasing the pair to lay again.

Predated Invasive mammalian,
aerial, or unknown
predator, human
removal

Mammalian predators are cats and rats, aerial predators are native
Australasian harrier and native gull species, red-billed gull, and Southern
black-backed gull, or recorded as unknown.

Die hatch Tide/storm, unknown Chick attempted to hatch but died.
Chick death Health, human, tide/storm,

unknown
Chick hatched but then died due to any suspected health reason, human
trampling, or disturbance, or because they were starved/chilled in
storms, or for unknown reasons.

of a and f (Appendix S2). Because a and f are not iden-
tifiable, we expected a multimodal posterior distribution.
Therefore, we repeated the analysis for three sets of pri-

ors for a and f: (1) fully uninformative priors for both, that
is, U(0,1), (2) semi-informative priors assuming managers
would be better than random at detecting threats, that is,
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5 of 8 MCMURDO HAMILTON et al.

U(0,0.5), and (3) semi-informative priors assuming man-
agers are better than random, that is,U(0.5,1). In Appendix
S1, we provide an alternative, optimization-based solution.
We then calculated the benefit of rescue as Equation (2):

Δ𝑚𝑔𝑡 = (𝑇𝑁 + Nmp) − N (1 − f) , (2)

that is, the difference between (1) the expected number
of successful eggs for each combination of parameters,
as the sum of eggs left in situ that were correctly classi-
fied and succeeded (TN) and the total number of rescued
eggs (Nm) multiplied by the mean success of rescued eggs
estimated from the data (fledging probability p), and (2)
the expected number of successful eggs if all were left in
situ given the failure rate f. If ∆mgt > 0, rescuing eggs
is better than leaving them in situ. Mapping ∆mgt for
all combinations of a and f, we effectively explored the
entire possible counterfactual space, rather than build-
ing and assessing a single counterfactual. We used this
space to assess the sensitivity of ∆mgt to possible improve-
ments in a (more accurately classifying eggs at risk of
failure) and s (increasing the success rate of rescued
eggs).

3 RESULTS

3.1 Effectiveness of egg rescue

Of 299 fertile eggs, 154 (51.5%) were rescued in response to
a perceived threat; of these, 43 (27.9%) were donated, 97
(63%) artificially incubated, and 14 (9.1%) shifted. Of 145
eggs left in situ (48.5% of fertile eggs), 12 (8.3%) failed at egg
stage due to threats preventable by rescue (predators, 2.8%;
tides and storms, 5.5%). Eventually 81 chicks fledged from
145 eggs left in situ (56%), while 39 hatched from 154 res-
cued eggs (25.3%), including 14 from donated eggs (32.6%
of 43), 23 from artificially incubated eggs (23.7% of 97), and
two from shifted eggs (14.3% of 14). Figure 1 summarizes all
survival data.
Estimating fledging from raw monitoring data, eggs left

in situ had the highest fledging probability (mean p= 0.55,
95% confidence interval: 0.47–0.63; Figure 2). Overall, the
mean fledging probability for rescued eggs was p = 0.25
(0.19–0.33). Donating rescued eggs to a foster pair had
the highest fledging success (p = 0.32, 0.19–0.46), fol-
lowed by artificial incubation and donation (p = 0.26,
0.16–0.36), artificial incubation and natal return (p = 0.17,
0.06–0.31), and shifting (p = 0.14, 0.02–0.35). Therefore,
ignoring the lack of control in the data, leaving eggs in
situ would be the best decision in 99.6% of decision tree
solutions.

F IGURE 2 Probability distributions of successful fledging
under different egg management alternatives, each calculated from
10,000 simulations of the decision tree. This is a naïve analysis of
the biased dataset: as all nests that are judged to be under threat are
subsequently managed, unmanaged eggs (green curve) do not
represent a true control group. They only indicate the probability of
fledging from nests that were not rescued in response to imminent
threats by tides, weather events, or predators.

3.2 Counterfactuals to evaluate and
improve outcomes

When looking at the counterfactual space with uninfor-
mative priors, posterior distributionswere clearly bimodal,
with two combinations of a and f receiving the greatest
support (Figures 3 and 4;mean a= 0.53, 95% credible inter-
val: 0.37, 0.69; f = 0.47, 95% CI: 0.31, 0.63; ∆mgt = −37.7,
95% CI: −87.4, 11.2). When the prior for a was constrained
to U(0, 0.5), the posterior estimates were a = 0.44 (0.35,
0.50), f= 0.38 (0.30, 0.48), and∆mgt =−64.3 (−92.6,−34.8).
When the prior was constrained to U(0.5, 1), the posteri-
ors were a = 0.62 (0.53, 0.70), f = 0.57 (0.50, 0.65), and
∆mgt = −9.8 (−32.2, 16.7). If we assume managers are bet-
ter than random at detecting threats, rescuing eggs under
these values is likely to have led to fewer fledglings over the
20-year study period, with only a small chance of a net ben-
efit (Figure 4). These results were confirmed when using
the optimization-based solution described in Appendix S1.
Assuming managers are better than random, and that

the counterfactual failure risk remains at the most sup-
ported value f = 0.56, rescue would have positive benefits
if eggs were classified correctly over two thirds of the
time (a > 0.69; Figure 3). If accuracy and risk remained
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F IGURE 3 Counterfactual space. Each point represents a
combination of the hypothetical accuracy of classifying eggs (a) and
the failure rate of unmanaged eggs (f). The small points indicate
10,000 posterior samples for a and f from each of three Markov
chains (lighter areas indicate more support). The two black dots
indicate the mean posterior estimates for a and fwhen the priors are
constrained to U(0, 0.5) (bottom left dot) and U(0,1) (top right dot).
The contour lines indicate the benefit of management for a given
combination: for example, the ∆mgt = −100 line indicates values of a
and f for which managing would have resulted in 100 fewer eggs
than not managing; on the ∆mgt = 0 line, managing or not
managing is indifferent (indifference threshold).

unchanged, managers would need to increase the fledg-
ing probability for rescued eggs to p > 0.32 for rescue to
at least break even. This would represent an increase by
almost 30% over the current mean p = 0.25, but is about
the same as the current most effective action (donation).

4 DISCUSSION

Tara iti egg rescue is typical of conservation interventions
that evolve in the absence of true experimental controls,
but still require good evaluation of effectiveness. Our
results highlight the pitfalls of not evaluating monitoring
data or doing so naively. Without a counterfactual anal-
ysis, one might conclude that egg rescue performs worse
than leaving eggs in situ. Conversely, assuming that all eggs
perceived as under imminent threat, and thus rescued,
would have been lost if left in situ would be a simplistic
counterfactual that simply confirms the benefit of inter-
ventions. Overall, our analysis indicated that current egg

F IGURE 4 Posterior distributions of the estimated benefit of
egg rescue (∆mgt), expressed as the difference between the number
of fledglings observed and calculated for the estimated values of a
and f. For example, the ∆mgt = −100 line indicates values of a and f
for which managing would have resulted in 100 fewer eggs than not
managing; for ∆mgt = 0, managing or not managing is indifferent.
Curves represent posteriors for a and f priors of U(0,1) (“vague”),
U(0,0.5) (“low”), and U(0.5,1) (“high”).

rescue might not benefit the population, but improving
threat assessment and/or survival of rescued eggs would
swing this balance.
To minimize subjective interpretation, we presented

counterfactuals with uncertainty, which helped address
risk aversion (Tulloch et al., 2015), and explored the entire
counterfactual space, which helped consider improve-
ments. Managers might try to improve the accuracy of
decisions (the classification parameter f in our analysis),
for example, by closermonitoring or greater use of technol-
ogy.We assumed accuracy is equal across eggs and actions,
but threats like spring tides are already easier to assess
than, for example, predator sightings, so the latter might
allow greater improvements. However, the specific per-
ceived threat was not recorded for all eggs, so we could
not estimate different classification rates. If managers can-
not improve accuracy, they might change the threshold of
perceived threat to trigger rescue. This would, however,
incur a trade-off between false positive and false negative
rates: with a higher threshold, fewer eggs might be res-
cued unnecessarily, but more eggs left in situ might be lost
to avoidable threats. Managers might also offset classifica-
tion errors by substantially increasing survival for rescued
eggs. For tara iti, artificial incubation had low effective-
ness, countering its general perception as a “safe” option
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(Assersohn et al., 2021), but similar programs suggest
there may be room for improvement (Dolman et al., 2015;
Thompson et al., 2015; Collins et al., 2016). Yet another
approach might be to implement controls to better learn
about the key parameters; however, this was not possible
here because of risk aversion for this critically endangered
species.
While counterfactuals focus on alternatives available at

the time of past decisions, they can also stimulate creative
thinking for the future. For tara iti, alternatives could not
always be chosen at will: for example, donation was the
only alternative close to providing a net benefit by rescue,
but it was constrained by availability of foster nests at any
given time. The tara iti recovery team is already explor-
ing alternative options beyond the current set, increasing
the intensity of in situ habitat management and dura-
tion of predator control, and exploring options for captive
breeding and release (McMurdo Hamilton et al., 2021).
Other programmes have successfully kept tern eggs in situ
by using nest platforms (Palestis, 2014) or shell patches
(Booker & Moxom, 2019) instead of shifting. This could be
combined with ongoing efforts to reduce the overall need
for egg rescue, by improving habitat quality and keep nest
sites safe from predators and tides (Raynor et al., 2012).
Even abundant data can be difficult to interpret and

turn into decisions because of psychological barriers: for
example, incorrect assessments of management effective-
ness can favor status quo bias (Schwartz, 2020). In our
case, rescued eggs had at least some success, which might
facilitate a simplistic counterfactual that rescue was not
perfect but still better than nothing. Our data-based assess-
ment reduced this “storytelling” risk but required time and
effort. First, it was made possible by careful collection of
monitoring data over decades of management. Second, we
found even our relatively simple counterfactual analysis
cognitively challenging at times, with intricate hypothet-
icals and trade-offs. Tools like decision trees can assist
this “slow thinking,” clarifying decisions and highlighting
biases. Finally, decision analysis can be more effective if it
is acceptable to recognize when actions are not effective
and change course (Catalano et al., 2019). Conservation
can be a long process that requires ongoing decisions
as conditions change and programmes evolve. This pro-
cess requires collecting monitoring data, analysing it, and
interpreting results using the appropriate decision-support
tools, to improve outcomes and minimize biases.
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