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Abstract

Biodiversity offsetting typically involves the trade of certain losses of habitat with uncertain

future conservation benefits. Predicting the latter requires estimates of two outcomes; the bio-

diversity losses without conservation management (averted loss), and the biodiversity gains

with conservation management (management gain). However, because empirical data to

inform these estimates are limited, they are normally guided by expert opinion, often derived

via unstructured methods without consideration of uncertainty. Here we used a structured elic-

itation with 29 experts to gather estimates of averted loss and management gain at offset

sites. We used two methods; (i) experts estimated change in an aggregate biodiversity value

(vegetation condition) and; (ii) experts provided probabilistic estimates of change for individual

vegetation condition attributes, such as the richness and cover of plant growth forms. On aver-

age, experts predicted there would be only modest improvements with conservation manage-

ment, yet uncertainty and variation among experts was large; in some cases, conservation

benefits were not predicted. Estimates of change in vegetation condition suggested that bene-

fits were from both averted loss and management gains and were thought to most likely arise

in cases where starting condition was low to moderate. Similar patterns were observed for

individual vegetation condition attributes, with management gains, relative to a reference,

tending to be negatively correlated with starting value. Our study finds that: (i) on average,

gains at offset sites are expected to be small, (ii) at many sites, experts do not believe gains

can be obtained, and (iii) experts’ opinions can be divergent resulting in elevated levels of

uncertainty. The potential for losses under conservation management highlights the need to:

identify those components of biodiversity most likely to benefit from conservation manage-

ment; better understand those situations when offset obligations are most likely to be met and

conversely those situations with higher risk; and further develop offset mechanisms that

encourage early or prior gains. These findings together with the global proliferation of biodiver-

sity offsetting, provide a strong imperative to improve empirical data and investment in long-

term, site-based monitoring of biodiversity outcomes at offset sites.
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Introduction

Globally, there is increasing adoption of no net loss (NNL) policies and biodiversity offsetting

for managing the impacts of human development on biodiversity [1, 2]. Under these schemes

the stated objectives are usually to “offset” the residual negative impacts of development activi-

ties (those remaining after avoidance and minimisation of impact) by securing and managing

habitat at another location with the intent to improve habitat quality or increasing the popula-

tion size of target species [2]. Improvements, or “gains”, at those locations are expected to

result from active management of threats and pressures (e.g. control of invasive plant species,

better control of grazing by domestic and feral herbivores, reduction in water extraction for

irrigation, cessation of fertiliser application) and from restoration (typically replanting or re-

introduction of missing biodiversity elements). Notwithstanding broader concerns about bio-

diversity offsetting and the trading of nature [3], the contribution of offsets to the success of

NNL objectives requires that gains are additional to any that might be expected in the absence

of the offsets [1, 4], the gain is secured (i.e. on-going threat management and adequate pro-

tected status) [1] and the risks of not meeting the expected gains are minimised [1, 2].

A major challenge for NNL is that the biodiversity trades usually require exchange of

known, certain losses with uncertain future gains [5]. To minimise risk, it has been argued that

the offset gains should be achieved prior to the development impact [5, 6] but offset schemes

almost always rely on gains being achieved after the development impact. This requires the

ability to predict change, and real ecological consequences hinge on the accuracy of those

predictions.

Maron and colleagues [7] proposed a simple model for estimating the total future benefit of

conservation actions based on estimating the change in the biodiversity indicator with and

without an offset (Fig 1). Total benefit is the sum of two separate components, management

gain (MG) and averted loss (AL). Management gain is estimated as the future improvement

relative to the current value at t0 (MG = future value with offset–current value). Averted loss is

estimated in relation to a counterfactual, those changes in biodiversity that are predicted to

have occurred if the site were not managed to deliver an offset [1], and is the absolute expected

future losses that would occur in the absence of an offset (AL = current value–future value

without offset). The choice and quantification of the counterfactual is fundamental to estimat-

ing the potential benefits arising from conservation actions at offset sites. In most cases the

counterfactual is assumed to be an on-going background rate of decline in biodiversity [8].

Much attention has been paid to the principles underlying NNL [2, 9, 10], but relatively little

to the actual quantification of changes under offset schemes [2]. This is surprising given the pre-

dicted magnitude of change is often used directly to determine the scope of the offset in the field

(e.g. its size and the degree of investment in its management). Because the outcomes of conserva-

tion management and restoration are highly variable, hard to predict and difficult to generalise

[11, 12], the risks of not achieving adequate compensatory gains, within an appropriate time-

frame, can be considerable. Estimating plausible future values and the uncertainty around them

is a requirement in some offset schemes [13–15], although in other circumstances offset schemes

use fixed multipliers or “rules of thumb” rather than explicit estimates [16]. Importantly, because

estimates are rarely derived in a structured and consistent manner they are open to manipulation

and inconsistency [17]. While acknowledgment of this issue is widespread, few studies have

attempted to quantify the ecological outcomes of conservation management at offset sites in part

because of a lack of generalisable data, models or monitoring of sufficient duration [10].

Because we have little data to inform predictions of future changes in biodiversity value,

expert elicitation becomes a useful tool for developing hypotheses for where and when offsets

have greatest potential for generating benefits. Expert judgment is heavily relied upon in many
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areas of environmental decision making, especially when knowledge is incomplete, there is

substantial uncertainty and urgent predictions are required, precluding reliance on long-term

experiments or monitoring [18]. Most elements of offset design are dependent to some extent

on belief, opinion and value judgement, and informal expert opinion guides many aspects of

NNL policies (i.e. choice of metrics, equivalency and location rules, predictions of benefits

from conservation actions, estimates of uncertainty and time lags). However, rarely are offset

provisions informed by a structured and explicit elicitation of opinion and belief, which con-

siders variation and uncertainty.

Here we report the results of an expert elicitation with 29 vegetation field ecologists, practi-

tioners, research scientists and ecological consultants on their predictions about the likely

changes in biodiversity indicators in response to management of threats and pressures at hypo-

thetical biodiversity offset sites. While expert opinion will not substitute for empirical data, it

can highlight important sources of variation and provide useful guidance for identifying when

and where offsetting has most potential for success but also where we should be most wary, and

where empirical data are most urgently needed. We expected large variation among experts in

their absolute predictions, but we hypothesised that experts would share similar opinions about

those attributes and scenarios where benefits from offsetting would most likely accrue.

Methods

Identification and selection of experts

Our aim was to select a pool of experts who had extensive practical and/or theoretical knowl-

edge of vegetation dynamics in south-eastern Australia. From an initial pool of 94 native

Fig 1. The total benefit of implementing conservation management is the sum of averted losses and additional gains above the current value. The

top solid line represents trends in conservation value with offset and the lower solid line represents the trends under the counterfactual. While our

elicitations focused on estimating management gain, where possible we also estimated averted loss and total benefit. Adapted from Maron et al. [7].

https://doi.org/10.1371/journal.pone.0216703.g001
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vegetation professionals, 39 experts were invited to self-rate their experience in vegetation sur-

vey and monitoring through an online questionnaire and asked to participate in one of three

two-day workshops (see S1 File). In total, 37 experts completed the online survey, and 29

attended the workshops.

The focal ecosystem

Our online survey revealed that most experts had experience in the ecology, management and

monitoring of grassy woodlands (S1 File) and for this reason we chose to primarily focus the

elicitation on this ecosystem. During the workshops opinions were also elicited for other vege-

tation types, although results did not reveal differences among them (S2 File).

The focal ecosystem for the elicitations was a “Western Slopes Grassy Woodland” (WSGW)

[19] in the Brigalow Belt South bioregion [20], in northern NSW. Western Slopes Grassy

Woodlands are listed under the Australian Environment Protection and Biodiversity Conserva-
tion Act 1999 [21], and are a priority for conservation effort. The Brigalow Belt South biore-

gion also supports known mineral resources that are the subject of active and proposed

extraction activities [22], and which may trigger offset requirements. The woodland occurs at

moderate altitude (<700m) and rainfall (550-800mm per annum) on relatively fertile clay-

loam soils [19]. It extends from north-eastern Victoria through to southern Queensland, typi-

cally along the inland (western) side of the Great Dividing Range [23]. In the Brigalow Belt

South bioregion the overstorey is dominated by eucalypts (typically Eucalyptus albens, E. mela-
nophloia) with a groundlayer of perennial C4 and C3 grasses and a diversity of forb species,

the abundance and identity of which varies largely depending on prior landuse [24].

Biodiversity variables and metrics

We assumed site-scale biodiversity was represented by a range of vegetation structure and

composition indices common to contemporary biodiversity assessment methods (Table 1).

Although these do not capture the full complexity of biodiversity or the values attached to

nature [25, 26], the use of simple proxies based on vegetation metrics is an assumption com-

mon to many offset schemes [27]. Individual attributes are often standardised based on bench-

mark values estimated from actual or theoretical reference sites and then aggregated to

generate an index of habitat quality or vegetation condition [28]. Despite reasonable concerns

about the trading among attributes in aggregate scores of biodiversity value or vegetation con-

dition [14], aggregate values are often the metric used to compare gains and losses within bio-

diversity offsetting. While concepts such as vegetation condition are inherently subjective [29]

Table 1. Individual vegetation condition attributes that formed the basis for the structured elicitation.

Foliage Cover (%) Species Richness (/400m2) Habitat Structure

Tree Tree richness Large treesA

Shrub Shrub richness Litter cover (%)

Grass & grass-like Grass & grass-like richness Length of logs (m)B

Forb Forb richness

Fern Fern richness

Only native species contributed to estimates of growth form cover or species richness. The foliage cover and species

richness of each growth form were assumed to be estimated within a 20m x 20m plot while habitat attributes were

measured in a 20m x 50 m plot.
A.The number of trees with a diameter at breast height >0.5m.
B.The lineal length (m) of woody debris with a diameter >0.1m.

https://doi.org/10.1371/journal.pone.0216703.t001
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previous research has demonstrated that experts can generate consistent and reliable aggregate

scores that represent biodiversity value and habitat quality [29, 30]. In this paper we consider

both individual attributes and an expert generated aggregate index of vegetation condition.

The elicitation

We used two separate approaches to elicit expert opinions about current values and future

values in vegetation condition. Firstly, we captured expert point predictions about the cur-

rent and future aggregate condition of a vegetation patch. This approach has been shown

to usefully capture complex belief models of existing habitat value [29, 30], though the

method has not yet been extended to future predictions. This elicitation exercise was com-

pleted by all 29 experts. Secondly, we elicited from twenty-five experts, the probability den-

sities of future values of individual vegetation attributes. To do this we used the trial

roulette or histogram method [31], which allowed experts to graphically generate a proba-

bility histogram to represent their belief about future values. We used this approach to

extract the maximum information about central tendency, the range of predicted values,

and the degree of spread.

Evaluating current and future aggregate vegetation condition. Our approach followed

that of Sinclair and colleagues [29, 30] in that experts were asked to rank and score synthetic

WSGW vegetation patches (‘sites’), based on their current and future contributions to persis-

tence of biodiversity, assuming this could be captured by a single aggregate value representing

vegetation condition. Unlike Sinclair et al. [29, 30] our primary aim was not to generate a met-

ric for predicting vegetation condition but rather to explore expert opinion about change in

the aggregate value over time. We sought to examine whether experts generated consistent

current and future estimates for comparable sites and identify those covariates correlated with

their predicted changes. A pool of 64 synthetic WSGW sites, each assumed to be 2ha, was

informed by available full-floristic plot data for this bioregional vegetation type in the NSW

BioNet database (www.bionet.nsw.gov.au). Each site description included an estimate of native

vegetation cover within a 1.5km radius of the patch, the percent cover of invasive alien plant

species [32], total alien plant ground cover, the dominant plant species in each of five growth

forms (trees, shrub, forbs, grasses, ferns) and the current values of each of the 13 vegetation

attributes (Table 1, see example in S3 File). Experts were asked to assume that these data had

been estimated from a randomly placed 20m x 20m plot (richness and foliage cover of each

growth form) or 20m x 50 m plot (habitat structure attributes). The 64 sites covered a wide

range of conditions including those representing species-rich remnants through to disturbed

patches dominated by exotic vegetation.

Experts were each provided with a randomly-drawn subset of 10 sites and five that were

common to all experts. The five common sites were selected a priori by the authors and were

assumed to represent a range from expected high through to expected low quality. Experts

were not aware that their set included five common sites. These five sites were included to

ensure that all experts were considering sites across the full spectrum of variation in the ecosys-

tem, as a means of calibrating their judgements [29, 30].

The experts were initially asked to rank the sites in order of current value to persistence of

biodiversity, not considering costs of management or potential for future changes (improve-

ment or degradation) in the vegetation. Experts were then asked to provide each site with a

vegetation condition score out of 100 where 100 represented highest value and 0 held no value

to biodiversity. Experts were told that multiple sites could be given the same score, that scores

could be distributed in any way they desired and that values of 0 and 100 did not have to be

used.
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Following estimation of current value, experts were asked to provide estimates of the vege-

tation condition score (out of 100) 20 years into the future. Experts were asked to estimate a

future vegetation condition score for each site assuming they were managed under an offset

agreement. An offset agreement was assumed to require that the site was permanently secured

for conservation management and that all major site-based threats and pressures were man-

aged, if practicable, to maximise biodiversity outcomes. This was assumed to include monitor-

ing and management of weeds and exotic pests, management or exclusion of livestock grazing

as appropriate to best achieve conservation outcomes, implementation of appropriate fire

regimes and retention of all fallen timber and dead trees. Experts were asked to assume no

seeding or supplementary planting were undertaken. This combination of management activi-

ties is typical of current mandatory offset obligations under the NSW Biodiversity Conservation
Act 2016 [33]. Experts at both the 2nd and 3rd workshops (16 experts) were also asked to pro-

vide a future condition score which reflected their best estimate if the sites in question were

managed under a business as usual (BAU) scenario. BAU assumed a continuation of existing

management practices.

Trial roulette elicitation of individual vegetation attribute probability distributions.

The trial roulette method was used to obtain an expert’s distribution of predicted future out-

comes for individual vegetation attributes under a BAU scenario and with a biodiversity offset.

The trial roulette method is a form of fixed interval elicitation where experts specify upper

(θmax) and lower (θmin) bounds and their best estimate [31] and the experts upper and lower

interval (θmin,θmax) is divided into n equal sized bins. The expert is asked to distribute n
“chips” (in this case n = 100) among the bins with the proportion of chips in a specific bin

assumed to represent the probability of that outcome occurring.

We asked experts to specify lower (θmin) and upper (θmax) values for a given vegetation

attribute such that the range θmin,θmax represented an interval within which the experts were

confident that the true value occurred. The interval was then automatically divided into 10

equal sized “bins”. Experts were asked to allocate the 100 “chips” into the 10 bins in a way that

best represented their expectation of the likely distribution of values. To make this more tangi-

ble, experts were asked to imagine 100 “trials” of the specific scenario and estimate how many

trials would end up in each of the 10 bins. The elicitation was undertaken in a spreadsheet

with a linked histogram to enable experts to visually observe their allocations (S3 File). Previ-

ous work has shown that using graphical interfaces can substantially improve the accuracy of

subjective distributions [34]. To familiarise experts with the trial histogram method, provide

them with confidence in the task and a base level of calibration, each expert initially undertook

five practice exercises derived from published studies (S3 File).

Experts were initially asked to generate probability distributions, for each vegetation attri-

bute in Table 1 that reflected their opinion about the likely range of values they would expect

in WSGW that were of reference condition. A reference condition in this context was con-

ceived as the best-attainable condition in the contemporary landscape [35]. Experts were asked

to assume that each of the 13 vegetation attributes were sampled in austral spring in a year of

median rainfall within 20m x 20m plots (richness and foliage cover of each growth form) or

20m x 50m plots (habitat attributes), randomly placed within 2ha patches of relatively homog-

enous vegetation.

After completing their reference distributions, experts were asked to make predictions 20

years into the future for each of the 13 vegetation attributes, based on one or more scenarios.

The scenarios for which future values were elicited are summarised in Table 2. For each sce-

nario experts were provided with brief descriptions of a hypothetical 2ha site, including start-

ing values of each of the vegetation attributes, monthly rainfall (median, 10th and 90th

percentiles), estimates of the cover of invasive alien plant species, and dominant species in
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each growth form (see example in S3 File). Experts were asked to assume that the site occurred

within a landscape with>70% native vegetation cover (in a 1.5km buffer around each patch)

but was not within the current nature conservation estate. Each site was assumed to represent

a relatively homogenous area of the same vegetation type and similar condition state.

For one WSGW scenario, experts were asked to predict changes in the vegetation attributes

after 20 years of BAU management, and assuming the patch was instead secured and managed

as a biodiversity offset. This enabled calculation of averted loss, management gain and total

benefit as per Fig 1. For all remaining scenarios, experts were only asked to make predictions

assuming that patches were secured as biodiversity offsets, and so only management gain was

calculated. This approach was taken to reduce expert fatigue during the workshops. We com-

pared estimates of management gain among each of the three WSGW scenarios to see whether

starting conditions influenced expert predictions.

Data analysis

Aggregate vegetation condition. Management gain was estimated for each of the expert’s

15 vegetation patches. For those where BAU outcomes were estimated then averted loss and

total benefit were also calculated. The distribution of expert evaluations for each of the 64 vege-

tation patches were inspected using box and whisker plots, sorting individual sites by their

median current vegetation condition.

We used boosted regression trees (BRT) with the gbm.step function in the packages gbm

[36] and dismo [37] within R [38] to undertake exploratory analysis of current vegetation con-

dition, management gain, averted loss and total benefit. Covariates included all 13 vegetation

attributes, landscape vegetation cover, invasive alien plant cover, total alien plant cover and

expert identity. For models of management gain, averted loss and total benefit we included

each expert’s estimate of current vegetation condition as an additional covariate. Seventy five

percent of the data were randomly selected for training each of the BRT models (bag frac-

tion = 0.75) with the remaining data used for cross validation. Models were fit with a tree com-

plexity of 5 and a learning rate of 0.005. Tree complexity, also known as interaction depth, sets

the maximum number splits in each tree, while learning rate specifies the weight of each

regression tree in the final model, with lower values ensuring that larger numbers of trees con-

tribute to the final model. Boosted regression trees identify the relative importance of covari-

ates by ranking each covariate based on the number of times it is selected for splitting,

weighted by the squared improvement to the model of each split, and averaged over all trees.

The relative influence of each covariate is then normalized to sum to 100, with higher numbers

indicating a greater relative influence in describing variation in the response variable.

Distribution of individual vegetation attributes. Numeric distributions were fit to each

of the expert’s binned data using the package SHELF [39] in R [38]. Fitting of numeric

Table 2. The three Western Slope Grassy Woodland (WSGW) scenarios for which future values of 13 vegetation attributes were elicited (also see S3 File).

Scenario Vegetation Class Bioregion Initial Condition Vegetation Condition Gain component

1 Western Slopes Grassy Woodland Brigalow Belt South Moderate 60 AL, MG, TB

2 Western Slopes Grassy Woodland Brigalow Belt South Good 84 MG

3 Western Slopes Grassy Woodland Brigalow Belt South Poor 39 MG

For the WSGW in moderate condition future values were estimated for both the BAU and biodiversity offset scenarios, enabling calculation of averted loss (AL),

management gain (MG) and total benefit (TB). Initial Condition is a qualitative and subjective description of the overall site quality, based on the opinion of the authors.

Vegetation Condition was estimated from an ensemble boosted regression tree model of expert evaluations of current value of synthetic WSGW’s (see S7 File), where

high values indicate greater value to biodiversity.

https://doi.org/10.1371/journal.pone.0216703.t002
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distributions enabled us to combine predictions when different θmin,θmax were provided by

different experts (and hence non-matching bins). Prior to fitting distributions, the elicited his-

tograms were inspected for multi-modality. A range of parametric distributions were initially

fit to the data (normal, log-normal, beta), however final parameter estimates were derived

using either a beta distribution, for vegetation cover attributes estimated as a percentage and

that could be re-scaled to the range (0,1), or a normal distribution for all remaining attributes.

One challenge when comparing different individual expert predictions is in understanding

their frame of reference. The same absolute change in the value of a vegetation attribute may rep-

resent a perceived small or a large relative change for two different experts. To account for this dif-

ference we scaled the current and future attribute values using the experts elicited reference value:

BVa ¼
Va

Ra

where BCa is the biodiversity score or “condition”, Va is the estimate of the current or future value

and Ra is the reference value for attribute a. This approach is comparable to the use of reference

states or benchmarks for assessing relative biodiversity loss or restoration success [40–42] and is

often employed in offset schemes to standardise loss and benefit [14]. We limited BCa to a maxi-

mum value of 1 when Va� Ra, which is a common assumption in assessing the relative quality of

habitat or biodiversity [14]. While an attribute could continue to accrue above the reference value

this may or may not represent an actual “gain” in biodiversity value. For each biodiversity attri-

bute the averted loss, management gain and total benefit of the proposed offset can then be esti-

mated relative to the reference on a scale of 0–1.

For each vegetation attribute, in a specific scenario, we combined estimates of BC across all

experts. We did this by firstly taking 80–85 random draws from each expert’s elicited probabil-

ity distributions for the reference state, future with offset and future under business as usual (if

estimated for that starting scenario). For each attribute we then estimated BC for the starting

state (BCstart), business as usual (BCbau) and future with offset (BCoffset) and also calculated

averted loss (AL = BCstart—BCbau), management gain (MG = BCoffset-BCstart) and total benefit

(TB = AL + MG) for each of the randomly drawn samples. Individual expert random samples

of AL, MG and TB were then pooled, resulting in approximately 2100 randomly sampled esti-

mates for each vegetation condition attribute that considered variation within and among

each expert. Using these data, we explored, for a moderate condition WSGW, the distribution

of AL, MG and TB for each vegetation attribute, except fern richness and cover. Ferns were

excluded because they were often absent or of very low cover in expert reference distributions.

We graphically explored variation in AL and MG for each attribute among individual experts

and examined whether individual experts tended to be generally optimistic or pessimistic

about future attribute trends, or whether their opinions differed depending on the attribute

and management scenario (BAU or managed as an offset). We finally examined the distribu-

tion of MG in relation to BCstart for each attribute, except fern cover and richness, among

WSGWs with differing attribute starting values (Table 2, S3 File). These starting values approx-

imated the authors interpretations of a WSGW in a remnant, lightly or ungrazed, unfertilized

state; a WSGW in a moderately grazed state; and a heavily grazed and fertilized WSGW.

Results

An aggregate measure of biodiversity value, vegetation condition

Initial vegetation condition. While there was variation in expert opinion of the aggregate

value to biodiversity of each vegetation patch, rankings and aggregate scores were relatively

consistent among the 29 experts (Fig 2A and 2E). A boosted regression tree of initial vegetation
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condition revealed that expert identity had the largest relative influence (a normalised relative

influence, NRI, of 31) such that some experts tended to score all sites higher or lower than the

average expert. Shrub cover (NRI = 22), grass cover (NRI = 20) and tree cover (NRI = 10) were

also found to be relatively important in explaining expert judgements of vegetation condition.

Expert estimates of vegetation condition tended to be positively correlated with all native vege-

tation attributes but negatively correlated with invasive alien plant cover (S4 File).

Future predictions of biodiversity value. Most experts predicted that MG would be rela-

tively small (Fig 2B & 2F). Median expert estimates of MG across the 64 patches was 5 / 100,

with lower 25th and upper 75th quartiles of 0 and 10 respectively. However, a single expert had

median predictions of 25 / 100 and a maximum of 70 /100 (S5 File) while negative estimates of

MG were also elicited from some experts (Fig 2B & 2F). The boosted regression tree models

indicated that expert identity had the largest relative influence on management gain

(NRI = 72), with only small contributions from initial vegetation condition (NRI = 15.4), inva-

sive alien plant cover (NRI = 2.9) and landscape vegetation cover (NRI = 2.5). The data (Fig 2B

& 2F) and BRT fitted functions (S4 File) suggest a negative, yet non-linear correlation between

current biodiversity value and MG, a weak positive effect of landscape vegetation cover and a

negative effect of invasive alien plant cover.

Averted loss (AL), derived from expert estimates of the change in vegetation condition

under a BAU scenario, was estimated by 16 experts (Fig 2C & 2G). The median estimate of AL

was 5, with upper and lower quartiles of 0 and 9 respectively under a BAU scenario. A single

expert predicted that vegetation condition would weakly increase with BAU. Experts again

were consistently optimistic or pessimistic in their estimate of averted loss (NRI = 60.3). Initial

vegetation condition (NRI = 13.0), invasive alien plant cover (NRI = 13.2) and landscape vege-

tation cover (NRI = 4.2) each had only small to moderate relative influence in the BRT. Data

and fitted functions from the BRT indicate a weak positive non-linear relationship between

current biodiversity value and expert estimates of AL. Averted loss was greatest at moderate to

high initial vegetation condition (Fig 2C & 2G, S4 File). Averted loss was also weakly negatively

correlated with landscape vegetation cover and positively with HT weed cover.

Total benefit (TB) was estimated from values elicited from 16 experts. Median TB was 7.5

with lower (25th) and upper (75th) quartiles of 5 and 15 respectively. There was large among-

expert variation in TB, evident in the normalised relative influence from the BRT

(NRI = 66.3). Moderate relative influence was also associated with initial vegetation condition

(NRI = 21.9) and a slight influence of invasive alien plant cover (NRI = 4.9). Data (Fig 2D &

2H) and the fitted functions from the BRT suggested that TB tended to be highest when initial

vegetation condition was low to moderate (S4 File). There was little support for any correlation

with either invasive alien plant cover or landscape vegetation cover (S4 File). The lack of effect

of invasive alien plant cover or landscape vegetation cover was presumably because the magni-

tudes of AL and MG were similar and each was associated with opposing effects (ie. MG = +ve

landscape vegetation cover, -ve invasive alien plant cover; AL = -ve landscape vegetation cover,

+ve invasive alien plant cover).

Individual attribute predictions from the trial roulette method

Averted loss, management gain and total benefit for a WSGW. For each vegetation

condition attribute, we estimated the distribution of AL, MG and TB by randomly sampling

Fig 2. Boxplots of expert estimates of vegetation condition (A, E), management gain (B, F), averted loss (C, G) and total benefit (D, H). A through D are

the five common vegetation patches provided to all 29 experts. Each patch in E through H was assessed by 4–6 experts. In all graphs the sites are ranked

according to panel E, i.e. by their median current expert vegetation condition score. Averted loss and total benefit are based on estimates from 16 experts.

https://doi.org/10.1371/journal.pone.0216703.g002
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from each expert’s reference, future under BAU and future with offset probability distribu-

tions. These random samples were pooled (2100 random samples for each attribute) and the

resultant distributions of AL, MG and TB reflect both variation within and among experts (Fig

3, S6 File).

The lower quartile (25th percentile) of AL estimates were>0 for the richness of all growth

forms, the foliage cover of grasses and trees and the number of large trees (Fig 3). This suggests

a tendency towards a consensus that these vegetation condition attributes will decline under a

BAU scenario. Predictions of AL were less consistent for forb, shrub, length of fallen logs and

litter cover (Fig 3).

Positive estimates of MG indicate an expert opinion that with an offset the attribute is

expected to improve within 20 years, relative to the starting value. Both litter cover and the

length of fallen logs were generally expected to increase following adoption of an offset (lower

quartile is >0) while declines, or at best no change, in large trees numbers was thought to be

most likely (Fig 3). Although some other attributes tended to have a median MG> 0 (e.g. tree

and forb foliage cover and grass richness), predictions were uncertain owing to both inter- and

intra-variation among experts (S6 File) and both declines and increases were predicted. In all

Fig 3. Boxplots of averted loss, management gain and total benefit after 20 years for individual vegetation attributes within a Western Slopes Grassy Woodland

with moderate starting values. For each attribute, data are derived by pooling 2100 random draws from the future and reference probability distributions of 25 experts.

Total benefit is the sum of averted loss and management gain. Averted loss is estimated as the difference between the counterfactual and the initial attribute condition and

therefore takes a positive value when the attribute is expected to decline relative to the reference under a business as usual scenario. Ltrees = Large Trees.

https://doi.org/10.1371/journal.pone.0216703.g003
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cases, median predictions of absolute changes with management were never more than one

species or 5% foliage cover.

The distribution of TB indicated that the sum of MG and AL were predicted to be mostly

positive, except for large trees and tree richness (Fig 3). In most cases TB was dominated by

AL. However, the results also indicated that TB can also often be negative, indicative of an

expectation that even with an offset the attribute might decline relative to the counterfactual.

Across all experts and all attributes, 25% of all randomly drawn estimates of TB were negative

and a further 15% were 0, indicating no expected benefit.

Variation among individual experts was large, although most experts tended to be pessimis-

tic about the future trends for large trees and optimistic about trends for logs and litter (Fig 4),

regardless of the management scenario. There was some tendency to suggest that those experts

who were pessimistic about BAU trends also tended to be pessimistic with an offset (Fig 4).

This pattern was evident as a negative correlation between expert average estimates of averted

loss and management gain, and was most apparent for logs, shrub foliage cover and tree spe-

cies richness. Although some experts demonstrated a systematic bias (either consistently opti-

mistic or pessimistic), most were not and their opinions differed among vegetation attributes

(S7 File).

Fig 4. Individual expert average estimates of averted loss and management gain for each of 11 vegetation attributes, with relationships indicated by simple linear

fits. Each point represents the mean opinion of an individual expert, derived from their elicited probability distributions. Estimates in the top left quadrant of each panel

indicate an optimistic opinion about future trends under both BAU and an offset (i.e. low AL, high MG). Estimates in the bottom right quadrat indicate those where

experts were pessimistic about future trends, regardless of management scenario (i.e. high AL, low MG). Those in the top right were pessimistic about trends under BAU

but optimistic about trends with an offset (i.e. high AL, high MG).

https://doi.org/10.1371/journal.pone.0216703.g004
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Do management gains vary according to attribute and site starting conditions?. The

distribution of management gains for each attribute were explored across three WSGW sce-

narios. The three scenarios had different initial attribute values, and were generally thought to

represent good-, moderate- and poor-quality sites (Table 2). These broad site quality descrip-

tions were supported by predictions of aggregate vegetation condition, out of 100, derived

from an ensemble of expert BRT models (see S8 File). We examined how MG varied depend-

ing on the initial condition (BCstart) of each vegetation attribute (initial value relative to the ref-

erence value) and whether consistent patterns were evident in each of the three WSGW

vegetation patches.

There was generally a negative relationship between the median expert estimate of MG and

the attribute’s starting value relative to the reference value (Fig 5) and attributes whose starting

condition were<0.3 tended to increase with adoption of an offset. This same trend was

observed in elicitations for other vegetation types (see S2 File). While the negative relationship

was observed in both the poor- and moderate-quality scenarios it was most evident in the for-

mer with both positive and negative median estimates of MG, dependent on attribute starting

condition. In the poor-quality scenario highest median MG were for shrub richness and cover,

Fig 5. Median expert predictions of management gain and current condition for each of 11 vegetation attributes in poor-, moderate- and good-

quality WSGW. Management gains are changes in the individual attributes, relative to a reference value, predicted to occur as a result of 20 years of offset

management. Points are medians and lines are upper and lower quartiles derived from 2100 randomisations across 25 expert probability distributions.

The broad qualitative site quality is supported by numeric estimates of aggregate vegetation condition, out of 100, derived from expert BRT models

(condition score in legend in brackets).

https://doi.org/10.1371/journal.pone.0216703.g005
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although logs and litter cover were also positive, while median MG for large trees and tree rich-

ness were both negative.

In the good-quality scenario the median management gain was 0 for all attributes. With the

exception of logs and litter cover, median initial condition was 1, indicating that 50% of the

random samples were less than the starting attribute values. In such circumstances standardi-

sation to a reference can obscure changes on the original measurement scale, especially if

experts predicted an increase following adoption of an offset. However, median estimates of

absolute changes on the original scale were small and never positive (S9 File).

Discussion

Biodiversity offsetting has been widely adopted but we often lack adequate empirical data and

models upon which to make predictions of future biodiversity outcomes. Predicting the likely

ecological changes with and without offsets is fundamental to offsetting, and these predictions

can have significant and very real biodiversity impacts. Despite this, making such predictions

remains a major technical challenge [2] and a better understanding of the uncertainty around

future conservation benefits is vitally important. Here, 29 ecological professionals were asked,

using two separate approaches, to make predictions about future changes in vegetation com-

position and structure, as a surrogate for biodiversity, with and without the adoption of a bio-

diversity offset. The results revealed that experts on average expected averted loss,

management gain and total benefits to be modest. Individual expert predictions were often

highly uncertain, and this was compounded by variation among experts. Strikingly, our analy-

ses uncovered the perception that declines in some vegetation condition attributes were also

likely at offset sites, even with the adoption of conservation management. This finding necessi-

tates approaches that accept that some offsets will fail to achieve estimated gains, and some will

deliver beyond expectation. Reasonable outcomes can be achieved overall (i.e. across many off-

set scenarios), but only if risks are managed appropriately. The opportunity therefore exists to

minimise risk and maximise biodiversity outcomes through the identification and avoidance

of high-risk offset sites.

The modest estimates of total benefits suggest that offset schemes should adopt a precau-

tionary approach and avoid optimistic estimates of either averted loss or management gain.

Several authors have argued that offset schemes often rely on unrealistically high estimates of

background rates of loss (i.e. averted loss) to meet NNL requirements [8, 17]. If actual back-

ground rates of loss are indeed less than predicted, then to meet NNL these offset schemes

would need to increase their reliance on management gains, achieved through conservation

actions that improve on current biodiversity values. This could shift emphasis in offset site

selection from high quality sites where there is much to lose to low quality sites where the

potential for improvement is greater. Prediction of management gains at offset sites is, how-

ever, also inherently risky, as revealed by the substantial variation within and among experts.

One approach to managing the uncertainty of future conservation benefits is to limit trad-

ing to only those offsets that have already generated benefits [5]. The range of opinion and

uncertainty described in this study lends support to the pursuit of policy and governance

mechanisms that favour early or prior conservation benefits. However, the creation of prior

benefits requires significant planning and investment and in practice even the often-cited wet-

land mitigation banks in the USA rarely provide full prior compensation [43]. In most cases,

offsetting is likely to continue to rely on future benefits in which case it is imperative that mon-

itoring and research focus on improving empirical data and models to better predict outcomes

and reduce uncertainty around these predictions.

Expert elicitation and biodiversity offsets

PLOS ONE | https://doi.org/10.1371/journal.pone.0216703 May 8, 2019 14 / 21

https://doi.org/10.1371/journal.pone.0216703


When and where do experts believe conservation management will produce

benefits?

Although predicted benefits were small, the results from both elicitation methods suggest that

experts believe that management actions to address threats and pressures can often be suffi-

cient to negate counterfactual losses. However, the study highlights that expert predicted bene-

fits are not likely to be equivalent among all vegetation attributes. This offers opportunities for

policy makers to refine offset schemes but also highlights important considerations for moni-

toring and evaluating current offset outcomes.

Point estimates of future aggregate biodiversity value suggested that experts believed man-

agement gains (MG) were most likely to balance counterfactual averted losses (AL) when sites

were initially of moderate to low value, relative to a reference condition. Likewise, the future

probability distributions provided by experts of individual attributes suggested that positive

MGs would most likely arise when attributes were initially low relative to their reference.

Where attributes are already at or near reference values, for example in good-quality remnant

vegetation, conservation benefits are only likely if AL is relatively large and management can

maintain current values. If those sites support attributes that are expected to decline, even with

conservation management in place (e.g. large trees), then total benefits will inevitably be zero

(or less). This would suggest that, if management gain is the objective, then offsets should be

established in areas of low to moderate condition with some potential to improve.

Offsets are usually framed around the concept of NNL or Net Gain. The uncertainty sur-

rounding the potential for gains, highlighted in the results we present here, emphasises the

risks associated with loss of good-quality habitats. In most jurisdictions offsets are applied to

residual impacts as part of the mitigation hierarchy, with priority given to avoidance and mini-

misation of impact, especially in the case of rare or high-quality habitats [44]. Despite this, situ-

ations do arise when high-quality habitat are impacted by human activities. If low to moderate

condition habitats are selected as offsets because of their greater capacity for generating gains,

this could lead to trading good-quality high-value habitat for larger areas of low-quality habi-

tat, albeit habitat that has considerable potential to improve. However, this assumes that the

loss of biodiversity in good-quality habitat is equivalent to a numerically similar improvement

in low- or moderate-quality habitat, which need not be the case. While this can be partly

addressed by nuances in the metrics (e.g. multipliers applied to rare habitats) or policy settings

(e.g. regulations to prohibit clearing of rare or high-value habitats), ultimately, these decisions

come down to human preferences for balance between habitat quality and extent in conserva-

tion areas.

In the WSGW scenario examined, experts consistently predicted that large trees would

decline under both BAU and offset management scenarios. Apparently, experts believe that

those factors that lead to declines in large trees cannot be mitigated using site-based conserva-

tion management. Large trees are slow to develop, thought to contribute disproportionately to

habitat in many vegetation types [45] and have been recognised as being a keystone habitat

structure [46]. Recognition that some habitat features cannot be replaced in the short- to

medium-term, or their loss avoided through site-based management actions, highlights the

need to avoid clearing habitats where they occur. Use of disaggregated metrics in offset calcula-

tions [14] will be important in helping identify and audit the outcomes for such habitat attri-

butes, relative to NNL objectives.

Another key issue for managers and policy makers is determining whether the magnitude

and uncertainty of management gains is likely to differ among ecosystems and vegetation

types. Such knowledge could be used to develop offset metrics and policies that are sensitive to

differences among ecosystems. Studies of ecological succession do suggest that there may be
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general differences in trajectories of recovery of vegetation along broad climatic gradients [47].

While the elicitation we presented here was primarily focused on a single ecosystem (a grassy

woodland), opinions were also sought regarding four vegetation types that differ in vegetation

structure and composition and occur in contrasting biomes (see S2 File). In this case there was

little evidence to suggest that expert estimates of management gain consistently differed

among vegetation types. Whether this result is specific to the vegetation types selected is

unknown and further elicitations across a larger range of vegetation types and scenarios, cou-

pled with empirical monitoring, is required.

20-year time horizon

In all exercises the expert predictions were limited to a 20-year time horizon. Yet, was this

timeframe too short to observe improvements in vegetation owing to conservation manage-

ment and could this have contributed to the modest averted loss and management gain esti-

mates? Our choice of 20 years aligns with the Australian Commonwealth and New South

Wales offset policies [13, 33]; is a reasonable length of time to accrue many habitat attributes;

is at the outer limit of any plausible attempt to predict biodiversity outcomes; and is within the

working knowledge of many of the experts (see S1 File). Timeframes greater than 20 years

would have required most experts to predict to horizons greater than their working experi-

ence. In the context of biological processes, losses or gains of habitat over longer timeframes

could necessitate consideration of temporal equivalency (i.e. the discounting of future gains)

[48], further complicating the elicitation process. Estimates across a range of timeframes

would however be useful to better identify those attributes thought to respond rapidly and

those for which long-term monitoring will be necessary. While 20 years is a reasonable expec-

tation of long-term monitoring programs, monitoring and evaluation of biodiversity offsets

could also demand detection of early trends, for example within 5–10 years.

The potential role for expert elicitation in offset calculations

There is increasing expectation that offset calculations should incorporate appropriate esti-

mates of uncertainty [6]. Yet while there are offset schemes that explicitly modify predicted

conservation benefits by estimates of uncertainty, there is little guidance for how these predic-

tions should be obtained [6, 15]. Inevitably empirical data will often be scarce and those tasked

with identifying and assessing offsets may need to rely heavily on opinion. When timeframes

are short, and resources limited there may be a tendency to base estimates on the opinions of

few experts or use unstructured, informal methods of elicitation.

Structured, transparent elicitation of opinion, capable of adequately describing underlying

uncertainty are necessary to counter bias and improve reliability and confidence in the out-

come [49]. Unless data are obtained from multiple experts and in a structured manner there

may be little confidence that offset obligations adequately reflect opinion, even when uncer-

tainty is considered. It is well recognised that experts and non-experts tend to be overly precise

and overconfident [50], which could result in overestimation of the likelihood of the outcome.

We have clearly shown that expert opinions can be divergent and biased estimates could easily

result if opinions are sought from too few individuals or a limited pool of experts.

Even with carefully structured elicitation methods it can be difficult to guard against all

forms of bias and overconfidence. For example, the belief that environmental conditions will

worsen in the future, so called temporal pessimism, is thought to be widespread [51], but has

been shown to differ among professions [52]. If present among our experts, it could result in

an overestimation of the likely losses under a BAU scenario (large estimates of AL) and under-

estimation of potential improvement with a biodiversity offset (low estimates of MG). A key

Expert elicitation and biodiversity offsets

PLOS ONE | https://doi.org/10.1371/journal.pone.0216703 May 8, 2019 16 / 21

https://doi.org/10.1371/journal.pone.0216703


underlying assumption of most offset schemes is that conditions will worsen under a BAU sce-

nario but will improve upon adoption of an offset. If our experts held this view, then they

should be consistently pessimistic about a BAU scenario but optimistic when conservation

management actions were adopted. We instead found that, for a given attribute, experts who

were more pessimistic about the counterfactual were also often less inclined to believe, on

average, relative values would improve with an offset. While, most experts were not systemati-

cally optimistic or pessimistic, a small number were. Most importantly some of those with a

systematic bias also held completely opposing opinions (S7 File). This is compelling and indi-

cates that these experts may have vastly different experiences and understanding of the tempo-

ral dynamics of grassy woodlands. Unfortunately, we lack the objective probability

distributions of the effects of biodiversity offsetting that would be necessary to weight these dif-

ferent responses. However, a better understanding of the source of these conflicting opinions

could also improve the applicability of the elicited data.

Overconfidence, the tendency to provide narrow, overly precise estimates [53], is pervasive

in most forms of expert elicitation [50]. Overconfidence could lead to unjustified optimism or

pessimism about the potential of offsets to provide adequate compensation for biodiversity

losses. While our first elicitation approach did not attempt to capture uncertainty, the second

did and in this instance, we guarded against overconfidence in two main ways. Firstly, we used

the trial roulette method with a graphical interface which along with similar methods (e.g. Sub-

jective Probability Interval Estimates, [54]) has been found to substantially reduce expert over-

confidence [34, 54]. Secondly, experts were required to complete five training exercises, with

feedback. During feedback experts were encouraged to consider whether their specified range

captured the observed value. While we cannot test whether overconfidence was completely

mitigated against, our approach to combining predictions took full account of each expert’s

subjective probability distribution and hence the median and mean estimates incorporate both

inter- and intra- expert variation.

Our first elicitation, based on single-point best-guess estimates, could be prone to overcon-

fidence. While we can estimate variation among experts, individual predictions are treated as

precise and are not influenced by inherent within-expert uncertainty. However, while this

approach will not have fully captured the range of variation, it is notable that the general trends

are consistent with those of the more comprehensive trial roulette approach. Further, this exer-

cise was simple and could be quickly and easily completed; at each workshop this exercise was

completed within 30 minutes, including explanatory discussion and feedback. While eliciting

full subjective probability distributions may be ideal, there is also a case for balancing overcon-

fidence, knowledge of individual expert uncertainty and better understanding of the range of

opinion among experts.

Conclusions

Biodiversity offsetting faces significant ethical, social, technical and governance challenges [2].

Our structured expert elicitation does not resolve these issues but has addressed a key area of

uncertainty in biodiversity offsetting—the prediction of future changes in vegetation composi-

tion and structural attributes, that generally provide resources and habitat for biodiversity.

While expert opinion should not replace good empirical data and ecological models, expert

predictions can be complementary and provide useful guidance for prudent offsetting policy

development.

In the case-studies presented here, average expert predictions of conservation benefits were

small and individual opinions were often divergent. This suggests a general perception that

biodiversity offsetting, based on adoption of conservation management actions to avert loss
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and improve current values, is inherently risky. It highlights an urgent need to better identify

those components of biodiversity most likely to benefit from conservation management and

understand those situations when offset obligations are most likely to be met. Given the global

proliferation of biodiversity offsetting there is now a strong imperative to monitor and evaluate

existing offset sites to determine whether the magnitude and range of predicted biodiversity

outcomes can be realised.

Supporting information

S1 File. Selection of experts, online survey & questionnaire for potential participants and

summary of survey results.

(PDF)

S2 File. Management gains, do they vary according to vegetation type?.

(PDF)

S3 File. Elicitation material and scenarios.

(PDF)

S4 File. Fitted boosted regression tree functions for initial aggregate vegetation condition,

management gain, averted loss and total benefit.

(PDF)

S5 File. Boxplots of individual expert estimates of aggregate management gain.

(PDF)

S6 File. Boxplots of individual expert probability distributions of MG, AL and TB.

(PDF)

S7 File. Are individual experts consistently optimistic or pessimistic? Individual expert

mean estimates of averted loss and management gain.

(PDF)

S8 File. Boosted regression tree for predicting vegetation condition to new sites.

(PDF)

S9 File. Predicted change in individual attribute values with offset on original measure-

ment scale.

(PDF)

Acknowledgments

Our thanks to the experts who all gave up substantial time and energy to contribute their

knowledge. We would like to thank Laura Kuginis who assisted with organisation of the work-

shops and helped compile the list of experts and Paul O’Keefe who obtained plot data that

were the basis for the hypothetical sites. Paul O’Keefe, Megan McNellie and Chris Watson

trialled and provided feedback on preliminary draft elicitation methods and protocols. John

Seidel, Michelle Cox and Mike Saxon provided feedback on the design and preliminary results

of the elicitation. We thank Michael Scroggie, Michelle Cox and Jane DeGabriel for feedback

on an initial draft of the manuscript.

Author Contributions

Conceptualization: Josh Dorrough, Steve J. Sinclair, Ian Oliver.

Expert elicitation and biodiversity offsets

PLOS ONE | https://doi.org/10.1371/journal.pone.0216703 May 8, 2019 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216703.s009
https://doi.org/10.1371/journal.pone.0216703


Data curation: Josh Dorrough.

Formal analysis: Josh Dorrough.

Investigation: Josh Dorrough, Steve J. Sinclair, Ian Oliver.

Methodology: Josh Dorrough, Steve J. Sinclair, Ian Oliver.

Project administration: Josh Dorrough, Ian Oliver.

Supervision: Ian Oliver.

Writing – original draft: Josh Dorrough.

Writing – review & editing: Josh Dorrough, Steve J. Sinclair, Ian Oliver.

References

1. Gardner TA, Von Hase A, Brownlie S, Ekstrom JMM, Pilgrim JD, Savy CE, et al. Biodiversity offsets

and the challenge of achieving no net loss. Conserv Biol. 2013; 27: 1254–64. https://doi.org/10.1111/

cobi.12118 PMID: 24033441

2. Maron M, Ives CD, Kujala H, Bull JW, Maseyk FJF, Bekessy S, et al. Taming a wicked problem: Resolv-

ing controversies in biodiversity offsetting. Bioscience. 2016; 66: 489–98. https://doi.org/10.1093/

biosci/biw038

3. Spash CL. Bulldozing biodiversity: The economics of offsets and trading-in Nature. Biol Conserv. 2015;

192: 541–51. https://doi.org/10.1016/j.biocon.2015.07.037

4. Sonter LJ, Tomsett N, Wu D, Maron M. Biodiversity offsetting in dynamic landscapes: Influence of regu-

latory context and counterfactual assumptions on achievement of no net loss. Biol Conserv. 2017; 206:

314–9. https://doi.org/10.1016/j.biocon.2016.11.025

5. Bekessy SA, Wintle BA, Lindenmayer DB, Mccarthy MA, Colyvan M, Burgman MA, et al. The biodiver-

sity bank cannot be a lending bank. Conserv Lett. 2010; 3: 151–8. https://doi.org/10.1111/j.1755-263X.

2010.00110.x

6. Gibbons P, Evans MC, Maron M, Gordon A, Le Roux D, von Hase A, et al. A loss-gain calculator for bio-

diversity offsets and the circumstances in which no net loss is feasible. Conserv Lett. 2016; 9: 252–9.

https://doi.org/10.1111/conl.12206

7. Maron M, Rhodes JR, Gibbons P. Calculating the benefit of conservation actions. Conserv Lett. 2013;

6: 359–67. https://doi.org/10.1111/conl.12007

8. Maron M, Bull JW, Evans MC, Gordon A. Locking in loss: Baselines of decline in Australian biodiversity

offset policies. Biol Conserv. 2015; 192: 504–12. https://doi.org/10.1016/j.biocon.2015.05.017

9. Bull JW, Gordon A, Law EA, Suttle KB, Milner-Gulland EJ. Importance of baseline specification in evalu-

ating conservation interventions and achieving no net loss of biodiversity. Conserv Biol. 2014; 28: 799–

809. https://doi.org/10.1111/cobi.12243 PMID: 24945031

10. Bull JW, Suttle KB, Gordon A, Singh NJ, Milner-Gulland EJ. Biodiversity offsets in theory and practice.

Oryx. 2013; 47: 369–80. https://doi.org/10.1017/S003060531200172x

11. Maron M, Hobbs RJ, Moilanen A, Matthews JW, Christie K, Gardner TA, et al. Faustian bargains? Res-

toration realities in the context of biodiversity offset policies. Biol Conserv. 2012; 155: 141–8. https://

doi.org/10.1016/j.biocon.2012.06.003

12. Curran M, Hellweg S, Beck J. Is there any empirical support for biodiversity offset policy? Ecol Appl.

2014; 24: 617–32. https://doi.org/10.1890/13-0243.1 PMID: 24988764

13. Commonwealth of Australia. Environment Protection and Biodiversity Conservation Act 1999 Environ-

mental Offsets Policy. Canberra: Department of Sustainability, Environment, Water, Population and

Communities, 2012.

14. Maseyk FJF, Barea LP, Stephens RTT, Possingham HP, Dutson G, Maron M. A disaggregated biodi-

versity offset accounting model to improve estimation of ecological equivalency and no net loss. Biol

Conserv. 2016; 204: 322–32. https://doi.org/10.1016/j.biocon.2016.10.016

15. Miller KL, Trezise JA, Kraus S, Dripps K, Evans MC, Gibbons P, et al. The development of the Austra-

lian environmental offsets policy: from theory to practice. Environ Conserv. 2015; 42: 306–14. https://

doi.org/10.1017/S037689291400040x

16. Government Queensland. Queensland Environmental offsets Policy (Version 1.6). Conservation and

Biodiversity Programs, Department of Environment and Science, 2018.

Expert elicitation and biodiversity offsets

PLOS ONE | https://doi.org/10.1371/journal.pone.0216703 May 8, 2019 19 / 21

https://doi.org/10.1111/cobi.12118
https://doi.org/10.1111/cobi.12118
http://www.ncbi.nlm.nih.gov/pubmed/24033441
https://doi.org/10.1093/biosci/biw038
https://doi.org/10.1093/biosci/biw038
https://doi.org/10.1016/j.biocon.2015.07.037
https://doi.org/10.1016/j.biocon.2016.11.025
https://doi.org/10.1111/j.1755-263X.2010.00110.x
https://doi.org/10.1111/j.1755-263X.2010.00110.x
https://doi.org/10.1111/conl.12206
https://doi.org/10.1111/conl.12007
https://doi.org/10.1016/j.biocon.2015.05.017
https://doi.org/10.1111/cobi.12243
http://www.ncbi.nlm.nih.gov/pubmed/24945031
https://doi.org/10.1017/S003060531200172x
https://doi.org/10.1016/j.biocon.2012.06.003
https://doi.org/10.1016/j.biocon.2012.06.003
https://doi.org/10.1890/13-0243.1
http://www.ncbi.nlm.nih.gov/pubmed/24988764
https://doi.org/10.1016/j.biocon.2016.10.016
https://doi.org/10.1017/S037689291400040x
https://doi.org/10.1017/S037689291400040x
https://doi.org/10.1371/journal.pone.0216703


17. Gordon A, Bull JW, Wilcox C, Maron M. Perverse incentives risk undermining biodiversity offset poli-

cies. J Appl Ecol. 2015; 52: 532–7. https://doi.org/10.1111/1365-2664.12398

18. Burgman MA. Trusting judgements. How to get the best out of experts. Cambridge, United Kingdom:

Cambridge University Press; 2016. 203 p.

19. Keith D. Ocean shores to desert dunes: the native vegetation of New South Wales and the ACT. Depart-

ment of Environment and Conservation. 2004.

20. Thackway R, Cresswell I. An Interim Biogeographic Regionalisation for Australia: a framework for

establishing the national system of reserves, Version 4.0. 1995; 88.

21. Commonwealth of Australia. Australian Environment Protection and Biodiversity Conservation Act

1999, Act No. 91 of 1999. 1999.

22. Northey J, Pinetown K, Sander R. Coal and coal seam gas resource assessment for the Namoi subre-

gion. Product 1.2 for the Namoi subregion from the Northern Inland Catchments Bioregional Assess-

ment. Australia: Department of the Environment, Bureau of Meteorology, CSIRO and Geoscience

Australia, 2014.

23. Prober SM. Conservation of the grassy white box woodlands: Rangewide floristic variation and implica-

tions for reserve design. Aust J Bot. 1996; 44: 57–77. https://doi.org/10.1071/BT9960057

24. Prober SM, Thiele KR. Conservation of the grassy white box woodlands: relative contributions of size

and disturbance to floristic composition and diversity of remnants. Aust J Bot. 1995; 43: 349–66.

https://doi.org/10.1071/BT9950349

25. Moreno-Mateos D, Maris V, Bechet A, Curran M. The true loss caused by biodiversity offsets. Biol Con-

serv. 2015; 192: 552–9. https://doi.org/10.1016/j.biocon.2015.08.016

26. Brown ED, Williams BK. Ecological integrity assessment as a metric of biodiversity: are we measuring

what we say we are? Biodivers Conserv. 2016; 25: 1011–35. https://doi.org/10.1007/s10531-016-

1111-0

27. Quetier F, Lavorel S. Assessing ecological equivalence in biodiversity offset schemes: Key issues and

solutions. Biol Conserv. 2011; 144: 2991–9. https://doi.org/10.1016/j.biocon.2011.09.002

28. Parkes D, Newell G, Cheal D. Assessing the quality of native vegetation: the ‘habitat hectares’

approach. Ecol Manage Restor. 2003; 4: s29–s38. https://doi.org/10.1046/j.1442-8903.4.s.4.x

29. Sinclair SJ, Bruce MJ, Griffioen P, Dodd A, White MD. A condition metric for Eucalyptus woodland

derived from expert evaluations. Conserv Biol. 2018; 32: 195–204. https://doi.org/10.1111/cobi.12941

PMID: 28370297

30. Sinclair SJ, Griffioen P, Duncan DH, Millett-Riley JE, White MD. Quantifying ecosystem quality by

modeling multi-attribute expert opinion. Ecol Appl. 2015; 25: 1463–77. https://doi.org/10.1890/14-1485.

1 PMID: 26552257

31. Oakley J. Eliciting univariate probability distributions. In: Böcker K, editor. Rethinking risk measurement
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