
Received: 14 July 2021 Revised: 27 October 2021 Accepted: 5 November 2021

DOI: 10.1111/cobi.13865

REVIEW

Lessons from other disciplines for setting management thresholds

for biodiversity conservation

Mairi Hilton Jessica C. Walsh Erin Liddell Carly N. Cook

School of Biological Sciences, Monash University,
Clayton, Victoria, Australia

Correspondence

Mairi Hilton, School of Biological Sciences, Monash
University, Clayton, VIC 3800, Australia.
Email: mairi.hilton@monash.edu

Article impact statementLearning from successful
approaches to setting management thresholds in
other disciplines can advance proactive conservation.

Abstract

Successful, state-dependent management, in which the goal of management is to main-
tain a system in a desired state, involves defining the boundaries between different states.
Once these boundaries have been defined, managers require a strategic action plan with
thresholds that initiate management interventions to either maintain or return the system
to a desired state. This approach to management is widely used across diverse industries
from agriculture, to medicine, to information technology, but it has only been adopted in
conservation management relatively recently. Conservation practitioners have expressed a
willingness to integrate this structured approach in their management systems, but they
have also voiced concerns, including lack of a robust process for doing so. Given the
widespread use of state-dependent management in other fields, we conducted an exten-
sive review of the literature on threshold-based management to gain insight into how
and where it is applied and identify potential lessons for conservation management. We
identified 22 industries using 75 different methods for setting management thresholds in
843 studies. Methods spanned six broad approaches, including expert driven, statistical,
predictive, optimization, experimental, and artificial intelligence methods. The objectives
of each of these studies influenced the approaches used, including the methods for set-
ting thresholds and selecting actions, and the number of thresholds set. The role of value
judgments in setting thresholds was clear; studies across all industries frequently involved
experts in setting thresholds, often accompanied by computational tools to simulate the
consequences of proposed thresholds under different conditions. Of the 30 conservation
studies examined, two-thirds used expert-driven methods, consistent with prior evidence
that experience-based information often drives conservation management decisions. The
methods we identified from other disciplines could help conservation decision makers set
thresholds for management interventions in different contexts, linking monitoring to man-
agement actions and ensuring that conservation interventions are timely and effective.
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Lecciones de Otras Disciplinas para Establecer Umbrales de Gestión para la Conservación
de la Biodiversidad
Resumen: Una gestión exitosa dependiente del estado, en la que el objetivo del manejo
es mantener un sistema en un estado deseado, involucra la definición de los límites entre
estados diferentes. Una vez que se definen estos límites, los gestores requieren un plan
de acción estratégico con umbrales que inicien las intervenciones de gestión, ya sea para
mantener o regresar al sistema a un estado deseado. Este enfoque de la gestión se usa exten-
samente en diversas industrias, desde la agricultura y la medicina hasta la tecnología de la
información, pero sólo ha sido adoptada recientemente dentro de la gestión de la conser-
vación. Quienes practican la conservación han expresado el deseo de integrar este enfoque
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estructurado a sus sistemas de gestión, pero también han expresado sus preocupaciones
al respecto, como la falta de procesos sólidos para lograr esta integración. Debido al uso
extenso de la gestión dependiente del estado en otras áreas, realizamos una revisión detal-
lada de la literatura sobre la gestión basada en umbrales para obtener información sobre
cómo y dónde se aplica y para identificar los aprendizajes potenciales para la gestión de la
conservación. Identificamos 22 industrias que usan 75 métodos diferentes para establecer
los umbrales de gestión en 843 estudios. Los métodos abarcaron seis enfoques generales:
el impulsado por expertos, el estadístico, el predictivo, el de optimización, el experimental
y el artificial. Los objetivos de cada uno de estos estudios influyeron sobre los enfoques
utilizados, incluidos los métodos para establecer los umbrales y seleccionar las acciones, así
como el número de umbrales establecidos. Fue evidente el papel que jugaron los juicios de
valor en el establecimiento de los umbrales; estudios de todas las industrias involucraron
con frecuencia a expertos en el establecimiento de los umbrales, con frecuencia acom-
pañados de herramientas computacionales para simular las consecuencias de los umbrales
propuestos bajo diferentes condiciones. De los 30 estudios de conservación analizados, dos
tercios usaron métodos impulsados por expertos, acorde con la evidencia previa de que la
información basada en la experiencia orienta con frecuencia las decisiones de gestión de la
conservación. Los métodos que identificamos a partir de otras disciplinas podrían ayudar a
los órganos decisorios de la conservación a establecer umbrales para las intervenciones de
gestión en diferentes contextos, vinculando las acciones de gestión con las de monitoreo y
asegurándose de que las intervenciones de conservación sean oportunas y efectivas.
Lecciones de Otras Disciplinas para Establecer Umbrales de Gestión para la Conservación
de la Biodiversidad

PALABRAS CLAVE

detonantes de decisiones, gestión basada en evidencias, gestión dependiente del estado, punto de activación, toma
estructurada de decisiones
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INTRODUCTION

State-dependent management is predicated on the idea that the
most appropriate action to take at any given time is dependent
on the current state of the system (Lyons et al., 2008), with

the objective of maintaining the system within a desired set of
conditions (Nichols & Williams, 2006). Defining what consti-
tutes a desired condition is often a value judgment informed by
evidence or knowledge about how the system functions (Addi-
son et al., 2015). Successful state-dependent management also
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requires appropriate indicators to measure changes in condition
through time, commitment to monitoring that can detect when
undesirable changes have occurred, and clearly defined manage-
ment actions linked to the boundaries between states to main-
tain or return the system to the desirable condition (Lyons et al.,
2008).

Conservation management largely revolves around the idea
that there is a desired condition that one wants to maintain
or return species and ecosystems to, so state-dependent man-
agement can be a practical approach to conservation decision-
making. However, there are limited published examples of its
application in practice (but see Scholes & Kruger, 2011; Addi-
son et al., 2015). Despite calls for a global shift toward the
adoption of evidence-based management decisions (Suther-
land et al., 2004), conservation monitoring frequently still
occurs without a plan for what action to take if undesirable
changes are detected (Lindenmayer et al., 2013), resulting in
species moving further into undesirable conditions despite doc-
umented declines (e.g., Martin et al., 2012). Surveillance mon-
itoring is important for detecting changes that can then be
examined in further detail or launching a discussion to con-
sider action (Foster et al., 2019), but it is imperative to have
a system in place to prevent species from being monitored,
without action, until they have been extirpated or are extinct
(Lindenmayer et al., 2013).

To help address this issue and ensure that state-dependent
management leads to proactive management interventions, it
has been recommended that conservation programs integrate
thresholds (i.e., triggers) for action in their monitoring frame-
works (Cook et al., 2016). Triggers are set to indicate when an
ecological attribute (species, ecosystem, or threat) is crossing
into a state that should initiate a management response (de Bie
et al., 2018). In doing so, monitoring data are explicitly linked to
management interventions that are likely to promote the desired
condition (Lindenmayer et al., 2013; de Bie et al., 2018). Trig-
gers, therefore, represent a critical, yet often neglected, aspect of
proactive state-dependent management (Addison et al., 2016).

Conservation practitioners have expressed a willingness to
integrate triggers into management programs, and the ben-
efits of doing so have been documented (Addison et al.,
2016). However, practitioners also have reservations, which may
account for the slow uptake of triggers in conservation man-
agement (Addison et al., 2016; Foster et al., 2019). Reservations
often involve insufficient ecological understanding, resulting in
difficulties distinguishing between natural and problematic pop-
ulation fluctuations (Foster et al., 2019). As a result, early discus-
sions and applications of thresholds for management in conser-
vation were limited to ecological tipping points (Holling, 1973),
with clear evidence that management intervention was justified
to prevent an undesirable state shift.

Despite concerns from conservation practitioners, triggers
form the basis of state-dependent management frameworks in
other industries subject to fluctuating natural systems (e.g., max-
imum sustainable yield in fisheries management [Larkin, 1996];
parts per million of chemical contaminants in drinking water
[USEPA, 2012]; and pesticide application in agriculture [Stern
et al., 1959]). These industries have adapted tools from other

fields that help set desirable bounds on variable systems. For
example, control charts, initially developed for manufacturing
to signal when a system is moving out of controlled limits (Mor-
rison, 2008), are now frequently used to set triggers in fish-
eries management (e.g., Scandol, 2003; Pazhayamadom et al.,
2013). Similarly, conservation practitioners’ concerns about the
costs of implementing trigger points (Addison et al., 2016) con-
flict with the widespread use of this approach to identify cost-
effective thresholds for intervention in other industries (e.g.,
Stern et al., 1959).

Although other industries that use triggers within a state-
dependent management framework often have objectives dif-
ferent from conservation, they have key elements in common:
they describe desirable and undesirable states for their system;
employ targeted monitoring to detect when this change is occur-
ring; define trigger points to warn that the system is entering an
undesirable state; and have specified actions to take to restore
the system to a desirable state. Given these similarities, there
may be important lessons to be learned from considering the
approaches different industries use and whether they can be
applied to address the reservations expressed by conservation
practitioners.

Using a review of literature from a wide range of fields, we
sought to investigate how other sectors have addressed the chal-
lenges faced by conservation to implement trigger points within
a state-dependent management framework. We documented the
diversity of methodological approaches used to develop trig-
ger points and how the design and implementation of trigger
points varied according to the relevant decision context, includ-
ing number and nature of management objectives, number of
trigger points set, and how actions were assigned to trigger
points. We then compared how trigger points have been set in
conservation science and highlighted where approaches used in
other fields offer opportunities to advance the application of
proactive, state-dependent conservation management.

METHODS

We conducted a systematic search of peer-reviewed literature to
identify studies from any field of research that developed trig-
ger points within a state-dependent management framework.
We define a trigger point as a specified point at which a manage-
ment action is prescribed with the aim of avoiding a change in
state.

Search strategy and inclusion criteria

We sought to include search terms that would identify studies
related to the management of a system (manage*), and focused
on management intervention (action*). Previous authors have
identified a wide range of terms used to describe the trigger-
point concept (Addison et al., 2016; Cook et al., 2016). To reflect
this, we included diverse terminology in our search string.

To test variations of the search string, we used a set of 10
highly cited studies that discuss the application of trigger points
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FIGURE 1 Details of the records retained and removed at each stage of the literature search, color coded according to the step in the process

in conservation management (Appendix S1). These studies are
central to the discussion of trigger points in conservation and
present a range of methodological approaches used to set trig-
gers in different decision contexts.

The final search string used was ALL=manage* AND (action*
OR indicator*) AND (threshold* OR trigger* OR “decision criteria”
OR “reference level” OR “reference point” OR “assessment point” OR
“regulatory standard” OR “control limit”). The search was con-
ducted in the Web of Science database for peer-reviewed studies
published from 1900 to 5 June 2019 in any field of research. The
final search string returned 7452 results, which were reduced to
7118 unique records after excluding review studies, conference
proceedings, book chapters, and studies published in languages
other than English.

To be included in the review, studies had to set at least one
trigger point for a specified objective that would lead to a tangi-
ble management action. As such, studies that discussed the con-
cept of trigger points but did not involve setting triggers were
excluded. Studies that set trigger points but did not link them to
management actions were also excluded.

Screening

One reviewer conducted the initial title and abstract screening
process, excluding any studies that did not meet the inclusion
criteria (step 1) (Figure 1). Any uncertainty about whether stud-
ies should be included was resolved by discussion with a sec-
ond reviewer. The remaining 1066 studies were separated into
22 disciplines based on the title of the journal they were from

and Web of Science classifications (Table 1). All 57 studies cate-
gorized as biological conservation were read in full; 27 of these
studies were excluded because they failed to meet the inclu-
sion criteria. Our aim was to identify the diversity of methods
used, so due to the large number of studies remaining after ini-
tial screening, we devised a staged approach to data extraction
that would enable us to identify the methods without reading all
studies in full.

A stratified, random sample of 12 studies from each of the
remaining 21 disciplines were selected to be read in full (step
2) (Figure 1) based on the minimum number of studies iden-
tified for any one discipline (epidemiology) (Appendix S3). At
full-text reading, a further 158 studies were found not to meet
the inclusion criteria (Figure 1 & Appendix S3), at which point
the reasons for exclusion were recorded and a replacement study
was selected at random from the same discipline to achieve a
balanced sample. This resulted in a primary data set of 232 stud-
ies from other disciplines and an additional 30 studies from
biological conservation (Table 1). The remaining 619 studies
formed a secondary data set for further analysis. See Appendix
S3 for full details of the number of studies removed at each step
in the screening process.

Data extraction from primary data set

For each of the 232 studies in the primary data set, we recorded
the year of the publication and the country in which the study
was conducted. We captured the terminology used to refer to
the trigger point. We also recorded information about the steps
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TABLE 1 Number of studies per industry included in the full, primary, and secondary data sets in an examination of the application of thresholds for
management

Industry

group Industry

Number of studies

included in the full

data set (primary

and secondary)

Number of studies

retained in primary

data set

Number of studies

retained in

secondary data set

Agricultural agricultural pest management 140 12 128

Agricultural agricultural irrigation 41 12 29

Agricultural other agricultural 26 12 14

Industry group total 207 36 171

Business and
technology

information technology 51 12 39

Business and
technology

technology 28 12 16

Business and
technology

business 24 12 12

Business and
technology

operations 19 12 7

Business and
technology

energy 5 5 NA

Industry group total 127 53 74

Engineering mechanical and electrical
engineering

39 12 27

Engineering civil engineering 32 12 20

Engineering maintenance 23 12 11

Industry group total 94 36 58

Health medicine 116 12 104

Health public and occupational health 11 11 NA

Health epidemiology 7 7 NA

Industry group total 134 30 104

Environmental ecology 47 12 35

Environmental water systems 44 12 32

Environmental water quality 42 12 30

Environmental biological conservation 30 30 NA

Environmental environmental quality 20 12 8

Environmental natural hazards 17 12 5

Environmental climate change 5 5 NA

Industry group total 205 95 110

Natural
resource
management

fisheries management 76 12 64

Full data set total 843 261 581

for setting trigger points as outlined in de Bie et al. (2018): first,
determine number and nature of the study objectives; second,
determine number of trigger points set; third, determine meth-
ods used to set and detect the crossing of trigger points; and
fourth determine how the authors decided which action to take
if the trigger was crossed. For studies categorized as biologi-
cal conservation, we also recorded the focal taxon of the study,
and whether the metric used to set the trigger point related
to the conservation target, a surrogate indicator, or a threat.

This enabled us to investigate how trigger points are currently
applied in conservation biology. See Appendix S4 for a detailed
description of the information extracted from each study.

To categorize information about the nature of the objectives,
the method used for setting and detecting the trigger point,
and how the authors decided which action to take, we used
an inductive categorization approach, whereby common themes
were identified and grouped (Patton, 2014). This enabled us to
look for overall trends in the data set, and make comparisons
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between disparate studies. Data were extracted by two indepen-
dent reviewers for a training set of 25 studies representing multi-
ple industries. The independent scores were compared, with ini-
tial agreement between reviewers of 84%. Conflicts were largely
due to one reviewer extracting more information than the other
(e.g., identified one rather than two methods), rather than dis-
agreement on the categorization of methods used. Any discrep-
ancies were resolved by consensus to calibrate the data extrac-
tion process and ensure consistency in the way information was
categorized.

Data extraction from secondary data set

The secondary data set was used to identify less commonly used
methods that might have been missed by randomly sampling
studies from each discipline for the primary data set. Using
the list of methods identified in the primary data set (step
2) (Figure 1), the remaining 619 studies that made up the
secondary data set were screened to determine whether they
used any of the previously identified methods to set trigger
points (step 3) (Figure 1). This was done using the text search
query function in the content analysis software NVivo (QSR
International, 2020), and then the text was scanned to ensure
studies genuinely used the method for setting the trigger rather
than just discussing the approach. A total of 527 of the 619
studies were identified as using methods already identified from
the primary data set. The remaining 92 studies were read in full
to determine which methods were used to set triggers (step 4)
(Figure 1). At this stage, 38 studies were found not to meet the
inclusion criteria and were excluded with the reason recorded
(step 4) (Figure 1). For the remaining 54 studies, the methods
applied, the relevant industry, and the year of publication were
recorded.

RESULTS

The final data set (primary data set: n = 30 conservation +

n = 232 other industries; secondary data set: n = 581) repre-
sented 843 relevant studies across 22 industries associated with
six major industry groups (Table 1). The number of studies per
industry group varied substantially, and trigger points were most
commonly applied across agriculture (24.6%, n = 207) and the
environmental sciences (24.3%, n = 205), followed by health
sciences (15.9%, n = 134) (Table 1). The largest number
of studies per industry were from agricultural pest man-
agement (16.6%, n = 140) and medicine (13.8%, n =

116). Biological conservation accounted for 3.6% of studies
(Table 1).

Temporal and spatial distribution of studies

The number of studies describing the implementation of a
trigger-point approach increased sharply after 1985, when the
first study from an application in agricultural pest management

FIGURE 2 Cumulative studies on management thresholds through time
for the full data set (n = 843), primary data set only (n = 232), and for studies
under the topic biological conservation only (n = 30)

was published (Figure 2). Agricultural pest management was an
early adopter of the trigger-points approach; it was the focus
of almost half (n = 30) of the 65 studies published from 1985
to 2000. In contrast, we identified the first application of the
trigger-point approach in conservation science more than 10
years later in 1999, and the number of studies has remained low
over time (Figure 2).

The primary data set represented studies from across six
continents. Over one-quarter of studies focused on the United
States (25.4%), and smaller numbers of studies focused on
China (8.6%), Italy (8.2%), and Australia (7.0%) (Appendix S1).
There were no trends in the country of publication across indus-
tries, although over two-thirds of conservation studies were
from three countries; Australia (36.6%, n = 11), South Africa
(16.5%, n = 5), and the United States (16.5%, n = 5).

Diversity of terminology

We found 54 unique terms used to describe trigger points
(Appendix S5). Derivatives of terms used in our search string
were common––limit (n = 14), threshold (n = 14), trigger (n = 11),
level (n = 9), and point (n = 7). However, standard (n = 1) and cri-

teria (n = 1) were rarely used (Appendix S5). Additional terms
not included in our search string included reference (n = 7) and
value (n = 6) (Appendix S5). There was considerable variation
in terminology used within industries; an average of 4.5 (range:
2–24) different terms for the trigger point were used per indus-
try. We found 24 different terms for trigger points in biological
conservation studies, including eight terms not used by other
industries (Appendix S5).

Diversity of methods used

Across the full data set, we identified 75 unique methods
used to set and detect the crossing of trigger points, 72 of
which were used by studies in the primary data set (full list
of methods in Appendix S6). The additional three methods
were identified from studies in the secondary data set. The
specific tools used for setting trigger points (i.e., methods)
were categorized into six broad analytical approaches based on
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FIGURE 3 Analytical approaches used to set trigger points and detect when they have been crossed across the full data set of studies on management
thresholds: (a) six broad analytical approaches and the number of unique methods within each approach, (b) number of times the approach was applied (total is
greater than the number of studies [n = 843] because many studies used more than one approach), and (c) number of unique methods applied by each industry,
colored by approach type and sorted by most to least studies within an industry group (1, agricultural; 2, business and technology; 3, engineering; 4, health; 5,
environmental; 6, natural resource management; M&E = mechanical and electrical)

the underlying processes used (details in Appendix S6), and
all industries used a wide variety of methods and analytical
approaches (Figure 3 & Table 2). Across the full data set, sta-
tistical approaches constituted the largest number of different
methods and were the most commonly used (n = 404) (Fig-
ure 3). Expert-driven analytical approaches were the second
most frequently used (n = 366 studies), but were often used
in conjunction with other analytical approaches (57.7%; n =

211). It was common for studies (53.7%) to use more than one
approach, often combining statistical approaches with expert-
driven approaches (n = 124) or experimental and statistical
approaches (n = 83).

Biological conservation demonstrated a general reliance on
expert-driven methods (66.7%, n = 20 studies), although largely
in conjunction with other analytical approaches (23.3%, n = 7
studies solely used expert-driven methods). The largest number
of unique methods were used by studies in biological conserva-
tion (Figure 3c) despite only constituting 3.6% of the data set
(Table 1). Eleven of the 29 unique methods used in biological
conservation studies were used in a single publication, and two
methods were unique to the discipline (i.e., population viabil-
ity analysis and habitat suitability index). Although many of the
most common methods from other industries were used in bio-
logical conservation, they were only used in a small number of
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TABLE 2 Descriptions of the three most common methods of each analytical approach used to set and detect trigger points and an example from the data set

Analytical

approach Method

Number of other

industries used in

(max = 21)

Number of times

used in conservation

(max = 30) Description Example

Experiment experiment 20 1 conducting an experiment to test
suitability of potential trigger
points

agricultural experiments to test
various triggers of invertebrate
abundance for pesticide
application (Nault & Huseth,
2016)

Expert driven expert judgment 21 10 trigger points based on expert’s
values derived from experience
and understanding; not
structured elicitation

restricting recreational access to
maintain number of eagle
territories with successful
reproduction above a desirable
value (Martin et al., 2011)

Expert driven regulatory
standards

15 2 trigger points based on legislation
that dictates appropriate points
of intervention

U.S. Environmental Protection
Agency regulatory standards for
safe limits of bacteria in beach
water (Aranda et al., 2016)

Expert driven reference point 13 5 trigger point is based on an expert
assessment of when the system,
or a comparable system, was
deemed to be in a normal or
functioning condition; trigger is
based on a specified extent of
departure from the functioning
condition

used in fisheries management to
determine catch limits by
comparing current stock
biomass to “healthy” stock
biomass (Wilson et al., 2010)

Machine learning neural network 7 0 machine learning approach based
on a series of connected nodes
known as neurons; algorithms
take in data, train themselves to
recognize patterns in the data,
then predict outcomes for a new
set of data; training data
represents desirable and
undesirable conditions for an
indicator, so algorithm can
predict when a system may be
moving into an undesirable
condition

training a neural network with data
on adverse hypotensive events in
patients, enabling the algorithm
to recognize early warning signs
of cardiac arrest and to raise the
alarm before the event occurs
(Stell et al., 2009)

Machine learning decision tree
learning

7 3 machine learning approach that
predicts the outcome of a target
variable based on the values of
predictor variables; each branch
in the tree is split based on the
value of the predictor variable at
that point; there may be a
number of sequential splits for
each branch that inform the
trigger point

algorithm trained to recognize
predictor variables, such as
ethnicity, age, and weight that
increase the risk of postoperative
complications; patients
exceeding specified risk
thresholds are then closely
monitored (Corey et al., 2018)

Machine learning unsupervised
classification

2 0 machine learning application
wherein the user provides the
algorithm training data that are
unlabeled; algorithm can
categorize data into clusters,
such as desirable and undesirable
based on previously undetected
patterns, to help identify
potential trigger points

providing an algorithm data on the
current condition of machinery
and its past use profile to predict
the remaining useful life of the
machinery (Javed et al., 2015)

Optimization optimizationa 18 1 simulates the outcome of potential
trigger points and management
actions to allow user to find the
best available combinations

in operations management used to
determine when the optimal
action is to maintain or replace
faulty systems to minimize cost
per unit time (Sheu et al., 2016)

(Continues)
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TABLE 2 (Continued)

Analytical

approach Method

Number of other

industries used in

(max = 21)

Number of times

used in conservation

(max = 30) Description Example

Optimization loss function 6 2 optimization approach that trades
off the expected loss (or cost) of
taking action due to a false alarm
or and not acting when action is
required; trigger points can be
set to optimally trade off these
expected losses and are
influenced by the cost of the
action taken at the trigger point

early-warning alarm systems for
earthquakes that trade off the
expected loss of taking security
actions triggered by false alarms
and the expected loss of not
acting when an earthquake
occurs (Iervolino et al., 2007)

Optimization dynamic
programming

6 4 optimization approach that divides
the entire problem into smaller
stages and solves each stage to
find the optimal solution across
the entire problem; enables user
to find optimal triggers and
actions at each point in time

identifying appropriate triggers and
actions for controlling invasive
species at each stage in their life
cycle (Pichancourt et al., 2012)

Predictive model forecast 13 3 enables user to estimate likely
future trends and events based
on historic or current data to
inform point of intervention

forecasting time to failure for
rockslides to inform timing of
preventative actions (Crosta &
Agliardi, 2002)

Predictive model Monte Carlo
simulation

9 1 used to determine the range of
possible outcomes and their
probability of occurrence for
proposed trigger points and
actions; trigger points that
present the most favorable
predicted outcomes can be used

calculating the necessary water
storage in a reservoir to maintain
the probability of running out of
water below a specified
acceptable trigger point (Rossi
et al., 2012)

Predictive model segmented
regression

5 0 identifies points of change in
independent variables, beyond
which undesirable changes to the
dependent variable occur; points
can be used as trigger points

identifying the number of sea lice
tolerable to salmon before
negative physiological responses
occur (González et al., 2016)

Statistical method percentile 14 2 trigger based on a percentage of
values in a data set falling below
a specified value

using values of peak water levels to
determine when the probability
of a flooding event should
trigger a flood warning system
(Cools et al., 2016)

Statistical method standard
deviation

11 1 trigger based on variation of values
remaining within a specified
number of standard deviations

energy management action
depends on the value remaining
within a specified number of
standard deviations from the
expected value within a given
observation window to account
for natural fluctuations in
currency and voltage (Francy
et al., 2015)

Statistical method receiver operating
characteristic
curve

10 1 enables the user to compare the
probability of type I and II
errors by plotting values of
sensitivity (true positive rate)
against specificity (false positive
rate); triggers optimally trade off
the errors can then be set

used in medicine to aid
decision-making during
diagnostic testing to determine
whether further treatment is
required (Zayadeen et al., 2016)

aStudies that stated that they applied an optimization approach without a specific method were coded as optimization.
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studies, and some were not used at all (Table 2). Details of the
biological conservation studies and the methods they used are
in Appendix S7.

Management objectives

Over one-half of studies in the primary data set had a single
objective (55.6%, n = 129). Financial objectives were the most
common overall (51.7%, n = 120), largely because almost all
studies with multiple objectives included a financial objective
(n = 98 joint financial objective; n = 22 single financial objec-
tive). Figure 4 shows results for the three most common objec-
tives for single- and multi-objective studies in the primary data
set. These objectives represented 84.1% and 76.6% of single-
and multi-objective studies, respectively. The methods used to
set trigger points, the number of trigger points set, and meth-
ods for selecting actions all varied according to the number and
nature of the objectives (Figure 4).

Statistical and expert-driven methods were common across
all objectives, but were applied more often in single-objective
studies (statistical, 58.1% vs. 47.6%; expert driven, 51.2%
vs. 50.1%), commonly those with an environmental or
health-and-safety objective (Figure 4). Optimization approaches
were used more frequently in multi-objective studies (33%
vs. 10.9%), as would be expected, and were most commonly
used to address financial and efficiency objectives (Figure 4).
Experiments were also used more often in multi-objective stud-
ies (18.4% vs. 8.5%) and were primarily used to address finan-
cial or environmental objectives or both (Figure 4). Such studies
were almost entirely agricultural studies. Multi-objective stud-
ies used more than one analytical approach more often than
single-objective studies (69.6% compared with 50.8% overall)
(Figure 4).

Most studies (73%) involved setting only one or two trig-
ger points. Single-objectives studies set three or more trigger
points more often than multi-objective studies (33.3% com-
pared with 18.4%), although this varied according to the objec-
tive (Figure 4). Studies that set three or more triggers most often
were those with environmental and health-and-safety objectives,
which focused on when to apply a predetermined action.

Most studies (65.1%) did not include selecting an action as
part of their analysis; instead, they focused on determining
when to apply a predetermined action. Multi-objective studies
included selecting an action as part of their analysis more often
than single-objective studies (54.4% compared to 19.4%), but
again this varied according to the objective (Figure 4). Studies
with joint financial and environmental objectives (largely agri-
cultural studies) accounted for just over one-half of all multi-
objective studies that included evaluating and selecting an action
as part of their analysis.

Over two-thirds of biological conservation studies had multi-
ple objectives (70%, n = 21), many with multiple environmental
objectives (e.g., protecting vegetation as well as the herbivores
that consume it [Scholes & Kruger, 2011; Smit et al., 2016]) or a
combination of environmental, financial, and social objectives
(13.3%, n = 4). Most biological conservation studies set two

(23.3%, n= 7) or more (30.0%, n= 10) trigger points. Biological
conservation studies most often focused on mammals (26.7%, n

= 8), ecosystem functioning (23.3%, n= 7), and birds (20%, n=

6). There were fewer studies on plants (10%, n = 3), fish (6.7%,
n = 2), and invertebrates (6.7%, n = 2). Twelve studies (40%)
set triggers solely for the focal taxon of the study, 14 (46.7%)
set triggers for an indicator that functioned as a surrogate for
the focal taxon, and eight studies (26.7%) set triggers for the
management of a threat to the focal taxon.

DISCUSSION

Our results demonstrated that identifying suitable triggers for
management intervention is an integral part of state-dependent
management across a broad spectrum of industries. We found
that the use of trigger points has become much more com-
mon over the last 10 years and is now used across 22 diverse
industries for a wide range of different objectives (Table 1; Fig-
ures 2 and 4). The uptake of trigger points in conservation sci-
ence, however, began much later than in other industries and
remains low (Figure 2). There was considerable diversity in the
terminology and analytical approaches used within and between
industries (Appendix S5 & Figure 3). This lack of consistency
creates challenges for shared learning, which may contribute to
the extensive variation in the methods used to set trigger points
we found (Figure 3). Despite being the eighth most common
industry included in our data set, conservation used the largest
number of unique methods to set trigger points (Figure 3c) and
the most unique terms to describe them (Appendix S5), reflect-
ing the fact that conservation as a field is still grappling with
how best to apply this tool to management practices (Addison
et al., 2016). Standardizing the terminology used to discuss the
application of trigger points in conservation could help facilitate
cross-project learning by making it easier to share and discover
other examples of where the trigger-point approach has been
applied (Salafsky et al., 2008).

Decision context

Although our review results documented substantial diversity,
the decision context appeared to influence how trigger points
have been developed and applied. We found several interesting
patterns in how the type of methods for setting trigger points
and number of trigger points set differed as the complexity of
decisions increased.

Some decision contexts were relatively simple, involving a
single objective and predetermined actions. These decision con-
texts were well suited to statistical, predictive, and expert-driven
approaches to identify optimal trigger points (Figure 4). Such
studies were most often those with a health-and-safety objec-
tive, such as in medicine (Figure 4). Here, trigger points were
used as diagnostic thresholds for conditions, such as adverse
hypotensive events (Stell et al., 2009) or diabetes (Corcoran
et al., 2018), to determine when existing treatment plans should
be enacted. An equivalent conservation scenario would be in
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FIGURE 4 How analytical approaches were applied in studies from the three most common single and joint objectives from the primary data set (i.e., studies
read in full) only, sorted by the number of trigger points set, and the method of action determination

biosecurity, where detection of pest species above threshold lev-
els triggers predefined control actions (Forsyth et al., 2005).
However, conservation studies generally tended to be more
complex; over two-thirds of studies considered multiple objec-
tives when setting trigger points.

Studies with single objectives were more likely to set three
or more trigger points than those with multiple objectives.
These studies with greater numbers of trigger points were most
frequently from studies in health-and-safety or environment-
focused industries. For example, many natural hazard man-

agement studies set multiple triggers; an increasing degree of
threat instigated actions of a corresponding intensity (Ban-
deira & Coutinho, 2015). This may reflect the more precau-
tionary approach taken by studies with the sole aim of pro-
tecting human or environmental health, or may reflect the
difficulty in setting multiple trigger points that meet multiple
objectives.

More complex, multi-objective decision contexts seeking to
identify optimal trade-offs between objectives were common
(Figure 4). These decision contexts often involved value- or
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risk-based judgments, such as minimizing risks to the environ-
ment and health-and-safety, while maximizing profits (Figure 4).
The most common multi-objective decision context was joint
financial and environmental objectives (Figure 4). This largely
included agricultural studies, which sought to maximize profits
through finding optimal trigger points to initiate pest control or
irrigation while minimizing environmental harm from excessive
pesticide application or water extraction (e.g., Nault & Huseth,
2016).

Optimization methods were most commonly used in stud-
ies with more complex decision contexts––those where there
were multiple objectives and where the study included eval-
uating which action to implement (Figure 4). A key bene-
fit of these approaches is that they can project the conse-
quences of decisions under multiple scenarios, enabling deci-
sion makers to vary parameters, such as trigger points and
management actions, to optimally trade off competing objec-
tives. Optimization approaches were most often applied to bal-
ance financial with efficiency objectives (Figure 4). For example,
minimizing a spare-part inventory to reduce costs, while ensur-
ing that maintenance remains as efficient as possible (Rausch
& Liao, 2010). Multi-objective studies that involved trade-offs
frequently used a combination of methods to set triggers, com-
bining expert-driven approaches with quantitative methods
(Figure 4). Expert-driven approaches were often used to set
trigger points, and optimization or machine learning methods
were then used to project their consequences under different
conditions (e.g., Elbagalati et al., 2018). This is reflected in the
prevalence of expert-driven methods across all objectives (Fig-
ure 4) and industries (Figure 3). Such an approach has value in
setting trigger points for conservation. As environmental condi-
tions shift under climate change, there will be concomitant shifts
in the bounds of natural variation in ecological systems, often
used to inform judgments about the desirable condition, and
management actions used to maintain those conditions. Meth-
ods that project future changes in conditions can help decision
makers forecast how the long-term stability of the system they
manage is likely to be affected and allow them to modify or
adapt their trigger points if required.

Complex decision-making scenarios that incorporate value
judgments and manage trade-offs among competing objectives
have clear parallels to the application of trigger points in conser-
vation management, where trade-offs among social, economic,
and ecological objectives are common. For example, setting
cost-effective trigger points that protect species or ecosystems
while maximizing visitor numbers that can access an area (Addi-
son et al., 2015; Lee & Chang, 2015) or maximizing water use
for economic development while ensuring continued wetland
occupancy by desired species (Martin et al., 2009). Studies that
explored trigger points that provided trade-offs between maxi-
mizing conservation outcomes with minimizing financial costs
were common and often involved optimization methods, such
as stochastic dynamic programming and loss functions (e.g.,
Field et al., 2004; Martin et al., 2009; Helmstedt & Possingham,
2017) (Table 2 & Appendix S7).

Other trade-offs in conservation studies involved value judg-
ments about which ecological components to prioritize for pro-

tection. For example, triggers were used to make highly con-
tentious management decisions involving culling elephants to
protect vegetation (Scholes & Kruger, 2011; Appendix S7).
Decisions involving trade-offs between conservation values are
necessary because alteration of habitats, from direct impacts and
climate change, means that for many ecosystems the natural bal-
ance has been lost. Maintaining or recovering the condition of
one ecosystem component may, therefore, come at the expense
of another, making value judgments an inherent aspect of set-
ting trigger points in conservation management. This likely
contributes to the prominence of expert-driven methods used
by conservation studies identified in our review (Figure 3 &
Appendix S7).

Few conservation studies applied machine learning methods
for setting trigger points. Conservation experts have highlighted
a lack of available data as a barrier to setting robust trigger
points, as well as the need for accessible methods for doing so
(Addison et al., 2016). Although machine learning methods may
not be accessible to all decision makers, they are increasingly
appearing in the ecological literature (e.g., Foody & Cutler, 2006;
Cheng et al., 2018) and were represented in our data set. For
example, decision tree learning (Table 2) was used to understand
the impact of upstream water diversion on waterbird breed-
ing by identifying flow thresholds that determined whether
breeding occurred (Brandis et al., 2018). These thresholds
can then inform trigger points to ensure an adequate vol-
ume of water is retained to protect wildlife while also enabling
water to be diverted for development (Brandis et al., 2018;
Appendix S7).

Lessons for conservation

Studies from across all industries used multiple approaches to
set trigger points, suggesting there is no single, gold-standard
approach. The diversity of approaches and their wide-ranging
applications instead highlight opportunities to address many
of the challenges conservation has faced in attempting to
apply a trigger-point approach. Conservation practitioners have
cited concerns, such as that the complexity of the decision
context in conservation means that triggers are too difficult
to implement (Addison et al., 2016) and concerns over get-
ting trigger points wrong (Foster et al., 2019). We considered
lessons from our data set for how these difficulties can be
overcome, and why trigger points are useful tools to iden-
tify optimal solutions across multiple objectives, even when
decisions are complex.

Decision-making in complex contexts, such as those
described above, benefits from a structured process. The high-
stakes nature of many of the studies included in our review,
including in conservation, further demonstrates the need for
decisions to be structured and transparent. Using a clear process
to set trigger points assists with improving transparency, provid-
ing evidence and justification for the chosen trigger points and
accountability for how decisions are made in relation to identify-
ing objectives and balancing risks (Nie & Schultz, 2012; Addison
et al., 2016).



CONSERVATION BIOLOGY 13 of 15

Alongside bringing accountability and transparency to deci-
sions, trigger points can provide confidence to managers in the
outcomes of their decisions. Conservation practitioners have
previously expressed concerns over the risks of getting trigger
points wrong (Foster et al., 2019) and often seek near-perfect
system understanding before implementing trigger points to
minimize this risk. However, other industries have found ways
to incorporate this uncertainty in the development of trigger
points. For example, using tools identified in our review, such
as receiver operating characteristic curves and loss functions
(Table 2), can help decision makers balance the costs of type
I and II errors when deciding whether intervention is required
(Table 2). Conservation studies also used inventive approaches
to setting trigger points when there was uncertainty around
appropriate points of intervention. One study reverse engi-
neered trigger points by first eliciting expert opinion on whether
the condition of several vegetation thickets was desirable or
undesirable, and then measuring several parameters in the field
to determine the boundary between desirable and undesirable
conditions (Smit et al., 2016; Appendix S7). Such an approach
could be used to set trigger points without extensive monitoring
data, making it suitable for data-limited systems.

To address the risk of getting trigger points wrong, care-
ful consideration should also be given to the number of trig-
ger points set and the number and nature of the metrics for
which trigger points are set. Setting multiple trigger points can
help spread risk by providing more opportunities to detect and
respond to a decline. In water quality studies, for example,
multiple triggers were often set reflecting an increasing risk to
human health or ecosystems. Preliminary triggers often initi-
ated actions, such as more frequent monitoring to rapidly detect
further deteriorations, and subsequent triggers led to closure of
recreational water bodies or mitigation measures (e.g., Kilgour
et al., 2005; van der Oost et al., 2017; Veal et al., 2018). Where
uncertainty is high, preliminary triggers can also initiate discus-
sion with experts and stakeholders to identify appropriate man-
agement strategies (Foster et al., 2019). Over one-half of con-
servation studies included in our review set two or more trigger
points; however, these were more often for different metrics,
rather than multiple triggers for the same metric.

Simultaneously monitoring multiple metrics can also reduce
the risk of getting trigger points wrong because it provides a
more comprehensive approach to tracking a management issue.
The majority of conservation studies included in our review set
triggers for either the focal biodiversity attributes or surrogate
indicators. Few studies set triggers based on threats, and when
they did, they were additional to triggers for focal or surrogate
attributes. For example, when monitoring ecosystems, metrics
for threats as well as drivers of ecosystem health were included
(Flower et al., 2017). This reflects the way that triggers are set
in other industries that manage natural systems. In fisheries sci-
ence, the ecosystem-based approach to management means that
multiple metrics of the health of fish stocks are monitored (Link,
2005), but the pressure on the fish stocks (i.e., fishing) is also
often monitored (Rochet & Rice, 2005) and has trigger points
assigned. In agriculture, trigger points are often set for the num-
ber of pests detected, but attention is also given to the condition

of the crops themselves (Maoz et al., 2011). Although it may
come with increased costs, simultaneously monitoring multiple
metrics can provide a more complete picture of the condition of
the system and the actions required, helping avoid undetected,
undesirable changes.

Limitations

We identified an array of terminology used to refer to trigger
points. However, because many of the terms found were deriva-
tives of our search string, it is possible that there are indus-
tries that use entirely different terminology for triggers that we
missed in our review. Our search was not exhaustive; however,
we have identified a breadth of methods used to set trigger
points across a variety of industries, offering a broad insight into
how and where triggers are applied.

There are also potential drawbacks of the saturation approach
that was applied to the secondary data set. A conservative
approach to retaining studies at the abstract-screening stage was
taken, as recommended by Pullin and Stewart (2006), if there
was doubt over the relevance of the publication. This meant that
around 40% of studies read in full were excluded because they
did not meet inclusion criteria on further analysis. It is, there-
fore, possible that studies included in the secondary assessment
would be excluded if they were read in full.

Finally, there are some examples of the application of trigger
points in biological conservation that have not been published
in the peer-reviewed literature and thus were not included in our
review. However, exploring the diffuse and extensive gray liter-
ature was beyond the scope of this study due to the broad, mul-
tidisciplinary nature of the review, which created uncertainty in
the ability to identify relevant gray literature across so many dis-
ciplines. Future work could explore these examples and include
discussions with practitioners to learn further lessons about
how and where trigger points are applied in conservation man-
agement.

Broader perspectives for conservation

Previous studies highlight the need to support conservation
practitioners to develop a robust process for setting trigger
points (Addison et al., 2016). The range of methods we iden-
tified for doing so should reassure practitioners that regardless
of the decision context, there are promising methods for set-
ting trigger points and actions. Many of the approaches were
applied across a range of industries and objectives, highlighting
their transferability to different decision-making scenarios.

We found that the decision context was central to the way
trigger points were developed and applied. Studies with mul-
tipleobjectives often used multiple approaches to set trigger
points. In complex decision contexts, optimization methods
were frequently used alongside expert-driven approaches to
project the consequences of trigger points and identify suitable
actions. In simple decision contexts with one objective and pre-
determined actions, trigger points were more often set using
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statistical and expert-driven approaches. This flexibility in the
application of methods offers the diversity needed to address
most contexts.

We identified approaches that may help allay the fears of con-
servation practitioners concerned about the risks of getting trig-
ger points wrong. Some of the tools identified and described in
our review can help practitioners explicitly weigh up the costs
of type I and type II errors when setting trigger points. Adopt-
ing strategies that manage uncertainty by setting precautionary
triggers that provide time for managers to identify causes of
declines, or monitoring threats as well as biodiversity, could also
help spread the risk. These include optimization approaches
that could help explore how triggers can be adapted as condi-
tions change (e.g., under climate change).

Although conservation practitioners have cited concerns
over the level of funding required to implement trigger points
as a potential barrier (Addison et al., 2016), a primary driver for
using a trigger-point approach across a wide range of industries
was to identify the most cost-effective management options.
This points to the capacity for trigger points, when imple-
mented proactively, to present an opportunity to improve the
cost-effectiveness and efficiency of decision-making. The indus-
tries we found that applied trigger points often faced signif-
icant human and economic consequences for incorrect deci-
sions. These industries have found ways to overcome many of
the challenges cited as impeding the integration of trigger points
in conservation. Although conservation faces additional chal-
lenges that other industries may not, such as extensive under-
funding (McCarthy et al., 2012), the fact that trigger points can
be successfully applied to other complex scenarios is a strong
advocate for the integration of trigger points in state-dependent
management in conservation.
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