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Abstract

1. Several methods of measuring biodiversity in development-offset trades exist. However, there is little
consensus on which biodiversity metrics should be used for quantifying development impacts and
assigning offsets.

2. We simulated development impacts in a virtual landscape and offset these impacts using six
biodiversity metrics: vegetation area, vegetation condition, habitat suitability, species abundance,
metapopulation connectivity and rarity weighted richness. We tested long-term impacts of metric
choice during offsetting by combining simulated landscapes with population viability analyses.

3. Nonet loss or net gains in habitat were achieved using all metrics except vegetation area and condition.
Limited habitat and like-for-like requirements resulted in offsets exhausting available habitat in each
vegetation class before offset requirements were met when using vegetation-based metrics. We also
found that impact avoidance was an important driver in how much compensation offsets could deliver.
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When impacts avoided high-suitability habitats, all six metrics achieved no net loss or net gains for
most species. However, when core habitats were developed, none of the metrics were able to
consistently prevent population declines.

4. Synthesis and application: When impacts on high quality habitat were avoided, and assuming the
protection and restoration benefits can occur in practice, vegetation-based metrics may produce offsets
which deliver gains in species abundance equivalent to species-specific metrics. However, species-
specific metrics outperformed vegetation-based metrics when core habitats were lost. Applying
avoidance measures as a first step to minimise biodiversity impacts during development will
significantly improve offset outcomes for species and result in greater long-term population benefits

delivered through offsetting.

Key Words: biodiversity offsets, biodiversity metrics, population viability analysis, spatial simulations,

species persistence, no net loss
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Introduction

Biodiversity offsets aim to compensate the loss of biodiversity caused by a development impact through
commensurate conservation gains (Maron et al., 2016). Accurate metrics for measuring biodiversity at
development and offset sites are required to deliver the requisite conservation benefits (Maron et al., 2012;
Marshall, Wintle, Southwell, & Kujala, 2020). Directly measuring and quantifying species outcomes is
challenging, so habitat-based surrogates are commonly used in lieu of measuring outcomes for all species
(Martin, Evans, Rice, Lodhia, & Gibbons, 2016). These surrogates generally consist of simple, easily
assessed habitat features which contribute towards an overall site condition score (Harwood et al., 2016).
This approach may simplify the task of assessing biodiversity outcomes, but such metrics often fail to
accurately account for all levels of biodiversity in offset calculations and could lead to inadequate trades

(Cristescu, Rhodes, Frére, & Banks, 2013; Hanford, Crowther, & Hochuli, 2016).

Failure to accurately account for biodiversity when assessing development impacts and designing offsets
means that immediate losses caused by development may go unaccounted for and the potential long-term
gains from offsetting are unclear (Maron et al., 2012, 2016; Weissgerber, Roturier, Julliard, & Guillet,
2019). Over time this could exacerbate already high biodiversity declines and perpetuate ineffective offset
practices (McKenney & Kiesecker, 2010). Yet offset policies still rely heavily on habitat and area-based
surrogates for biodiversity and have largely failed to incorporate even simple alternative biodiversity
metrics such as habitat suitability or abundance, which are common in other fields of environmental
research (Marshall, Wintle, et al., 2020). This is due to the ease with which habitat or area-based offset
metrics can be measured (Gibbons et al., 2016) and the difficulties associated with data collection for

alternative species driven approaches (Boykin et al., 2012).

Recent research has demonstrated that habitat and area-based offset metrics do little to mitigate

development impacts on populations or species and do not ensure population persistence of target species
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(Marshall, Valavi, et al., 2020). Ideally we should also utilise metrics that account for the landscape and
population dynamic processes driving species occurrence and abundance (Moilanen & Kotiaho, 2018),
including connectivity and measures of habitat suitability to improve the quality of offset actions delivered
(Buschke & Sinclair, 2019; Marshall, Valavi, et al., 2020). Metrics directly affected by ecological
processes, such as abundance or metapopulation connectivity, could improve our understanding of how

offsets function long-term.

Here, we test six metrics to understand how their application withing offsetting influences biodiversity
persistence and to determine if offset outcomes could be improved by incorporating species-specific

information.
Methodological framework

We use a methodological framework which combines a simulation tool we developed in R v3.6 (R
Development Core Team, 2017) and population viability analyses. The framework involves four steps: 1)
simulating habitat clearing in a virtual landscape; 2) calculating offset requirements and identifying offset
locations; 3) simulating restoration to match offset requirements and deliver benefits, and; 4) predicting

population trajectories of species under each scenario (Fig.1).
Data Requirements

Our tool simulates habitat clearance in a virtual gridded landscape. Simulations require user-provided raster
layers representing development scenarios, species habitats and vegetation condition. Species’ habitat was
weighted using vegetation condition to account for past degradation or land clearing. This gives the

simulation tool a current habitat condition value for each pixel and a target habitat value for restoration.

Step one: simulating development impacts
Development sites can be selected randomly or weighted towards areas of interest such as high development
likelihood regions or high-quality sites. The number and size of development impacts can be specified, and

in all development pixels condition is reduced to zero. Developments are created iteratively and at each
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step a raster map is produced (Fig.S.10). Maps are incorporated sequentially into population models so

trajectories can be tracked across development and offset events through time.

Step two: calculate offset requirements

How offset requirements are calculated during simulations is specified by the user. This can be either
number of pixels (area), or summed pixel values lost at each development site. Offsets which match area
will restore habitat until an equivalent area is achieved. Offsets restoring pixel values will match the
summed value regardless of area. Offset metrics can be re-defined by replacing input data. For example,
instead of habitat maps, abundance data can be used to calculate development impacts and simulate

increased abundance.
Step three: restore habitat

After offset requirements are calculated, restoration is simulated (Fig.1) and is assumed to be immediately
effective. This is a simplification of restoration processes in which time-lags in attainment of benefit and
uncertainty about attainment would usually exist. However, as our aim is to compare relative performance
of offset metrics, we purposefully assume all restoration efforts were successful so as to give each metric
an equal opportunity to produce benefits. This ensures the impacts on species persistence are due to the
metric itself rather the capacity of restoration to produce benefits within the simulation period. Pixels for
restoration are selected from a buffer zone around development impacts and added incrementally until

offset requirements are met or there is no more available habitat (Table S.1).
Step four: population modelling (szeps)

We use the R package steps v1.0 (Visintin et al. 2020) to run temporally- and spatially-explicit population
viability models (Fig.1). Population viability analyses use habitat requirements, dispersal capability and
demographic variables for species to predict persistence probabilities (Visintin et al., 2020). Our approach
in steps uses raster data on habitat suitability to develop a grid-based patch structure and estimates

trajectories by simulating population dynamics across the landscape.
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Case study: Hunter Region, New South Wales, Australia

We applied our simulation framework to predict impacts of metric choice on four species in the Hunter
Region, New South Wales (NSW), Australia (see Fig.1 in Marshall, Valavi, et al. [2020]). Our focal species
were: squirrel gliders (Petaurus norfolcensis), northern brown bandicoots (Isoodon macrourus), tiger quolls
(Dasyurus maculatus) and yellow-bellied gliders (Petaurus australis). These four species were selected
because they are sufficiently well-sampled to build spatially-explicit population models and they would be

accounted for in offsets required by state legislation (Office of Environment and Heritage, 2017).
Data Requirements

We specified 100m resolution species distribution models (SDM), using MaxEnt (Phillips, Dudik, & Dudik,
2008), to include environmental variables, alongside a vegetation condition layer detailing current
vegetation extent and land clearing (Fig.S.1, S.3). We multiplied SDM predictions and vegetation condition
(ranging between 1=intact and O=cleared) to derive current habitat suitability (Fig.S.4). Currently cleared
and degraded areas that were predicted as environmentally suitable by the SDM acted as targets for

restoration efforts.

Step one: simulating development impacts

We simulated two development scenarios in each species’ current habitat suitability maps. Scenario one
focused development impacts within the least suitable habitat (strict avoidance), which is pursuant to
offsetting best-practices (Phalan et al., 2017). We used a species-specific Maximum Training Sensitivity
plus Specificity (MTSS) threshold from our MaxEnt outputs (Liu, White, & Newell, 2013), to ensure
developments only occurred in regions deemed unsuitable for species (Fig.S.18). These thresholds were
also used to direct development impacts towards areas of high suitability for species in our worst-case
scenario (S2; targeted development). Development impacts in both scenarios were 5000ha and each
scenario included 20 developments, therefore the overall development footprint was 100,000ha (Fig.S.10).

We repeated each development scenario 50 times to account for spatial stochasticity.
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Step two: calculate offset requirements

We calculated offset requirements using six offset metrics; 1) vegetation area; 2) vegetation condition; 3)
habitat suitability; 4) species abundance; 5) metapopulation connectivity (Hanski, 1994); and 6) rarity-
weighted species richness (richness; Table S.1; Albuquerque & Beier 2015). These metrics represent
simplified versions of those commonly used in policies but do not necessarily encapsulate the breadth of
data generally required for their calculation. For example, most offset policies using vegetation area metrics
would require the use of multiple types of habitat data to calculate an overall score. We knowingly excluded
such composite metrics from our analysis for two reasons: first, we did not have access to the spatial data
commonly used to build composite metrics for offset calculations in NSW (Office of Environment and
Heritage, 2017). Second, building our own composite metric would have required subjective decisions on
what components to include and how to weight these against each other, making our results susceptible to
those decisions. Our vegetation condition and habitat suitability metrics, although single metrics, are
holistic measures of vegetation and habitat quality, and themselves based on multiple inputs (Figure S.2 to
S.4). Therefore, while they do not include all the data potentially used in a composite metric, they mimic
the broad categories of measures often included in composite calculations which range from entirely habitat
focused to more species-specific approaches (Appendix S7). By testing this subset of potential measures
included in composite calculations we aim to determine how their application within a broader offsetting

framework may impact species persistence.

Vegetation area, vegetation condition and habitat suitability

Vegetation area and condition were calculated using maps of current habitat suitability and vegetation type
(Fig.S.2, S.4) and offsets matched impacts on specific vegetation classes. Vegetation area restored species’
habitat suitability until an equivalent area of each vegetation type lost to development was recovered.
Vegetation condition offsets matched development impacts on the summed habitat suitability values lost in

the species’ current habitat suitability map for each vegetation class. Habitat suitability matched losses in
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species’ current habitat suitability values through equivalent gains elsewhere, restoring pixels to their

predicted SDM values based on environmental variables (Fig.S.3; Table S.1).

Species Abundance
Species abundance maps (Fig.S.5, S.6) were generated using our habitat suitability maps and species-

specific carrying capacity values (Thuiller et al., 2014) to get estimated abundance per pixel (Eq 1):

Where the estimated abundance N of species j for each pixel i is equal to species’ habitat suitability in that
pixel (H;;) multiplied by the species maximum carrying capacity (kj) to get the estimated number of
individuals per cell (per ha). We assumed that local carrying capacity is linearly correlated with predicted
MaxEnt values, giving the fraction of maximum carrying capacity attainable for the species in each pixel

(Merow, Smith, & Silander, 2013).

Metapopulation Connectivity
Metapopulation connectivity maps for each species were produced using a measure derived from

metapopulation models (Eq 2; Fig S.7, S.8; Hanski 1994). The connectivity of patch i for species j is
calculated as I;; = Y exp(—ocj dik)Ak, where d;, is the distance between patch i and patch £, and Ay, is
the size of the source population in patch k. Parameter «; gives the dispersal capacity of species j. We
utilised two-dimensional kernel smoothing to produce a map of connectivity values for each species, where
the width of the smoothing kernel is defined by species’ dispersal capability (;). The value for species j
in grid cell 7 is calculated as:

H'ij = xSy exp (—oq dCx —u,y — 1)) Hy (Eq2)
where H;; is the original habitat suitability value of species j in grid cell i. We note that the summation is

across all grid cells, including the focal cell. Values u and » denote the location of the focal cell i and

d(x —u,y — r) is the distance between cell i and all grid cells in the landscape, including itself. The final
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value H';jtherefore reflects not only on the habitat suitability of pixels but also the connectivity between

them (Schooley and Branch, 2011).

Rarity weighted species richness
A single rarity-weighted species richness map (hereafter rarity-weighted richness; Fig.S.9; Albuquerque &

Beier 2015) was calculated across the four species habitat suitability maps as follows:

_v (_Hi
R =1%; (ZzHu) (Eq 3)
Where ZH;I] -gives for each species j the fraction of the total habitat suitability (sum of cells) found in pixel
iHij

i. These were then summed to get a rarity-weighted richness for each pixel i(R;). In the resulting map
(Fig.S.9) pixel values represent the sum rarity scores across species (Albuquerque & Beier, 2015; Williams

et al., 1996).

Step three: restore habitat

For each metric, we produced two raster layers in R using the raster package (v3.0-12): one representing
current landscapes with varying vegetation condition and land-use, and another assuming no land-clearing
and fully intact vegetation (Appendix S.1). Offset requirements were calculated based on current values but
restoration efforts returned values to those in the predicted layers (e.g. predicted SDM values). If a cell had
a current condition of zero but a high restoration potential, habitat could be restored (if it was not a
developed site) representing a simplified approach to habitat creation. We used an offset multiplier of one

across all metrics to calculate offset requirements.

Step four: population modelling (szeps)

We tracked changes in species abundance through a 100-year period in steps (Appendix S.3). For each
species we built a baseline model as our counterfactual where landscape structure remained static (species’
current habitat suitability). We subsequently built models with habitat suitability maps altered by simulated

developments and offsets. All models used species’ baseline current habitat suitability maps for the first ten
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years. The first development impact was introduced in year 11 and the corresponding offset in year 12.
Subsequent development impacts were introduced every two years, followed by their corresponding offset
gains. This continued iteratively until all 20 developments and offsets had been introduced at year 50
(Fig.S.11). Population modelling continued for another 50 years, completing at the 100-year time period.
Population simulations for each development, offset and baseline scenarios were replicated 500 times.
Demographic and dispersal parameters for each species were collected from the literature and parameters

were tested through sensitivity analyses (Appendix S.4; Table S.4).

Scenario analysis and evaluation

We evaluated three measures to determine if no net loss (NNL) or net gains (NG) were achieved through
offsetting; 1) percentage change in values measured by the metric; 2) percentage change in total habitat
suitability from the species’ baseline suitability maps; and 3) percentage change in final population size
compared to the species’ baseline population model. We defined NNL as percentage change not statistically
different from zero (two-sided t-test). Statistically significant changes greater or less than zero were defined
as NG and net loss (NL), respectively. Final population size was taken as the average abundance in the final
time-step across all replicates. We also calculated the average expected minimum abundance (EMA) and
final population size for three time-periods; 15, 30 and 50 years after the last offset (i.e. time-steps 65, 80

and 100; Appendix S.5) to assess potential time-lags.

Results

Percentage change in metric and habitat suitability

Most of the metrics we tested achieved a small, but statistically significant NG in the metric values (upward
pointing triangles, Fig. 2; Table S.4), particularly when developments avoided core habitats (S1).When
impacts were targeted (S2), offsets for the yellow-bellied glider failed to achieve NNL in metric values
when using habitat suitability, abundance and metapopulation connectivity to quantify offset trades.

Developments removed large amounts of high-quality habitat for this species, making it difficult to match
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losses in these metrics in the remaining low-quality habitat. Simulations therefore restored primarily low-
quality habitat (Fig. S.19, S.20), resulting in statistically significant declines of the metric itself and declines

in total habitat suitability (average of 6.6% across all metrics; Fig.2).

Development impacts caused on average a 1.9% and 11.8% decline in habitat suitability across species
when impacts were avoided (S1) or targeted (S2), respectively. In scenario one, identifying offsets using
habitat suitability, abundance, metapopulation connectivity and richness resulted in NNL or small NG in
habitat suitability for all species except yellow-bellied gliders, which had a small but statistically significant
NL under metapopulation connectivity (downward pointing triangle, Fig 2; Table S.4). In scenario two,
habitat suitability, abundance and richness still delivered NG across most species, whereas metapopulation
connectivity resulted in NL for all species despite often achieving statistically significant NG in metric
values (Fig.2; Table S.4). These differences between metric and habitat suitability outcomes are likely
explained by the fact that restoring population connectivity emphasises locations between patches, which

by nature are of lower habitat suitability (Hodgson et al. 2009; Fig.S.19, S.20).

Vegetation area and condition failed to match development impacts or meet offset requirements of the
metric through gains in habitat suitability for all species. The vegetation area metric resulted in an average
NL of 1.7% in scenario one and 11.4% in scenario two. Vegetation condition resulted in a NL of 1.4% and
10.9% on average in S1 and S2 respectively. These losses were predominantly caused by strict like-for-like
requirements for specific vegetation classes and exhaustion of all the habitat available for restoration,

resulting in net declines.

85U01 SUOWLLD 3A1IR1D 3|qedt|dde aus Aq pausenob a8 Ss il VO ‘88N JO S8|nJ Joj Akiq 1T 8UIIUO A1 UO (SUOTHPUOD-PUR-SWB)LI0D" A3 1M ARIq 1 BU1|UO//Sd1Y) SUORIPUOD pue WS L 8L} 88S *[£202/L0/6T] U0 ARiqiTauliuo AB[1M ‘BuinoqpiN JO AiseAIUN YL AQ LTTHT ¥99Z-G9ET/TTTT 0T/I0p/WO0D A8 1M AReiq 1 Bul JUO'S feun05aq//:Sdny Wiy papeojumoq ‘v ‘2202 ‘¥992G9ET



13652664, 2022, 4, D

reative Commons License

i/10.1111/1365-2664.14117 by The University Of Melbourne, Wiley Online Library on [: Seethe Terms and Cx i ineli i vt -and-conditions) on Wiley Online Library for rules of use; OA arti

1diiosnue Joyiny



Percentage change in population

S1: Strict avoidance

When impacts on high-suitability areas were avoided, all six metrics were able to achieve statistically
significant NNL or NG in final population size for all species except tiger quolls (Fig.3; Table S.4).
For squirrel gliders and yellow-bellied gliders, using metrics that resulted in habitat suitability losses
(e.g., metapopulation connectivity; Fig.2) still resulted in NNL or NG in population size. Small
population gains for these species were also observed in development only models. These small gains
are probably due to strategic placement of development impacts within low suitability habitat, which
may have resulted in removal of sink patches (Devictor et al., 2010). The largest NG in final
population size were observed when using rarity weighted richness, followed by habitat suitability
and metapopulation connectivity, which all produced NG in scenario one for every species except the
tiger quoll. Despite observed declines in habitat suitability (Fig.2), vegetation area and vegetation

condition generally produced offsets which achieved NNL or NG in final population size (Fig.3).

82: Targeted developments

Scenario two developments resulted in significant declines in final population size for all four species
(Fig.3, S.21). Benefits delivered by offset metrics varied between species, but none of the metrics we
tested consistently achieved positive outcomes when impacts were high (Fig.3). For all species except
northern brown bandicoots no metric achieved a population recovery within five percent of baseline
(Fig.3). The metric which delivered the greatest population benefits varied across species, and on
average the largest gains in abundance were produced by species-specific metrics. For example,
offsets identified using rarity weighted richness provided the largest gains for northern brown
bandicoots, but tiger quolls benefited most from metapopulation connectivity, squirrel gliders from

abundance and yellow-bellied gliders from habitat suitability.
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Time since offsetting

For all species, except northern brown bandicoots, we observed a decline in population size 30 years
post-offsetting. This was observed in both development scenarios and for both final population size
and EMA (Fig S.16, S.17), however it was often notable in the strict avoidance scenario and when
examining the minimum abundance of each population (Fig.4). The average EMA declined by 8.1%
in both development scenarios (Fig S.17) and the final population size by 0.6% in S1 and 1.4% in S2
between 15 to 30 years after last offset was implemented (Fig S.16). Values rose again by 100 years
(Fig.3), to closely match 15-year population values. Thus, there is an apparent time-lag in accrual of

development impacts on species’ abundance values and a subsequent lag in accrual of offset benefits.
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Area adjusted percentage change in final population

We used our area adjusted percentage change in final population size values to determine per hectare gains
in population persistence delivered by each metric. Area adjusted final population values varied within
species and between scenarios. However, patterns across species were similar; when impacts were avoided,
vegetation area and condition delivered proportional gains in population sizes for a small restoration area
(Fig.5). This is particularly apparent for yellow-bellied gliders, where distribution of high-quality restorable
habitat was limited and the per hectare gain in population size was more important. When impacts were
high (S2), the benefits of vegetation area and condition were lost for all species, but the ratio for species-

specific metrics such as habitat suitability, abundance, metapopulation connectivity, and richness increased

(Fig.5).
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Discussion

This study highlights the implications of choosing different biodiversity metrics to quantify
development-offset trades. We show that achieving NNL or NG in the chosen offset metrics does not
always ensure population declines are prevented (Fig.2,3). Our findings concur with existing
literature which demonstrates that achieving long-term NNL of biodiversity is more complicated than
simply ensuring NG in metric values, or total habitat amount (Buschke & Sinclair, 2019; Marshall,
Valavi, et al., 2020; Sonter et al., 2020). Whilst offset success varied between metrics and species,
none of the metrics we tested were able to counterbalance long-term impacts to populations when
developments removed high-quality habitat (Fig.3). Our results again emphasise that when applying
offsets in practice proponents should demonstrably attempt to avoid impacts where possible and direct
developments towards areas of least concern for key species (Phalan et al., 2017; Villarroya, Barros,
& Kiesecker, 2014). Despite consistent NLs in our targeted scenarios, species-specific metrics do
show some promise in terms of gains in abundance per hectare offset (Fig.5). However, examination

of species’ ecological considerations is required to understand how metrics function in practice.

Extensive habitat clearing has put increasing pressure on biodiversity and restricts access to restorable
habitat which could be used to alleviate development impacts through offsetting (Kangas &
Ollikainen, 2019). We observed the effects of limited land availability on achieving NNL in habitat
and potential long-term implications for species. Some species’ habitat limitations meant that losses
could not be offset when developments were targeted. For example, when developments removed
core yellow-bellied glider habitat there was insufficient high-quality habitat available to match
development impacts (Fig.2). Continued clearance of core habitat ensures NL and perpetuates

declines even when impacts are routinely offset (Kujala, Whitehead, Morris, & Wintle, 2015).

Similarly, simulations using vegetation area and condition to assign offsets consistently exhausted
restorable habitat since like-for-like rules meant offsets could only utilise equivalent vegetation

classes. Therefore, we were unable to achieve NNL in habitat suitability, let alone ensure persistence.

85U01 SUOWLLD 3A1IR1D 3|qedt|dde aus Aq pausenob a8 Ss il VO ‘88N JO S8|nJ Joj Akiq 1T 8UIIUO A1 UO (SUOTHPUOD-PUR-SWB)LI0D" A3 1M ARIq 1 BU1|UO//Sd1Y) SUORIPUOD pue WS L 8L} 88S *[£202/L0/6T] U0 ARiqiTauliuo AB[1M ‘BuinoqpiN JO AiseAIUN YL AQ LTTHT ¥99Z-G9ET/TTTT 0T/I0p/WO0D A8 1M AReiq 1 Bul JUO'S feun05aq//:Sdny Wiy papeojumoq ‘v ‘2202 ‘¥992G9ET



This is partly a limitation of our approach because our modelling framework only restored habitat
within our region. Where our simulations stopped after all available habitat within the region was
restored, in practice proponents may seek offset sites further away or meet offset requirements via
other means i.e., through payment into conservation banks (Bekessy et al., 2010). However, our
results highlight the known issue of shifting of conservation actions further from impacts (Gordon et
al., 2011; Maron et al., 2016). Ideally offset sites should remain close to impacts so as to preserve the
functional role of developed sites in the landscape (Bull, Suttle, Gordon, Singh, & Milner-Gulland,
2013). We show the consequences of shifting offset benefits to accommodate like-for-like
requirements, both in terms habitat losses and local population persistence (Buschke & Sinclair, 2019;

Moilanen, Kujala, & Mikkonen, 2020).

When impacts were targeted towards high-suitability habitat, none of the tested metrics could
consistently facilitate population recovery for our target species. This result, combined with
limitations in land availability, further emphasise the need for avoidance as a first solution to
preventing biodiversity decline. This conclusion is not novel and it has been quantitatively
demonstrated previously (Phalan et al., 2017; Sonter et al., 2020). However, our results have
highlighted again the risks to biodiversity of not complying with avoidance measures (Bull, Strange,
Smith, & Gordon, 2020; Theis et al., 2019), and the potential gains in abundance which can occur by
avoiding impacts to high-quality habitat (Marshall, Valavi, et al., 2020). Impacts which strategically
avoided high-quality habitat resulted in NNL or NGs in most cases for all the metrics tested (Fig.3)
and were able to deliver equitable gains in abundance per hectare offset, improving outcomes even

when available habitat in which to restore is limited (Fig.5).

Utilising avoidance measures also reduces reliance on high multipliers, maximises restorable habitat,
and allows gains to accrue within required time periods (Gibbons et al., 2016; Kiesecker et al., 2009).
Here we observed a time-lag in development impacts on population size and subsequent recovery

even when development impacts avoided high-quality habitat and when we assumed that restoration
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was immediately effective (Fig.4; S.16; S.17; Dorrough et al. 2019). Time-lags are a widely discussed
topic in offsetting (Maron et al., 2012) but are likely to go unnoticed in practice because most offset-
evaluations are conducted using different biodiversity metrics to those used during planning
(Marshall, Wintle, et al., 2020). So even if offsets manage to meet their designated requirements (e.g.
total vegetation area restored), impacts on populations and species may still go on unnoticed for

decades (Maron et al., 2012).

Given that our simulations assume restoration is immediately and entirely effective there should be
no risks of delayed benefits to habitat or species, other than those caused by the metrics themselves.
Here, we did not start to observe some development impacts on species until 30 years after
development and offsets were implemented (Fig.4). Moreover, for some species these lags were more
pronounced in the avoidance scenario, suggesting the impacts of these development actions may be
unclear for some time after their implementation even when offset gains appear to be successful
(Fig.4). In practice this means that if populations are evaluated within 15 or 20 years, which is a
common time-frame within which offsets must achieve benefits (Gibbons & Lindenmayer, 2007),
there may be a false presumption that offsets are delivering true long-term benefits. Consequences of
such a presumption are further exacerbated in practice because in reality habitat creation and

restoration have a high likelihood of failure (Dorrough et al., 2019; Maron et al., 2012).

When impacts are not avoided long-term outcomes of offsets are nuanced and species-specific,
requiring some understanding of how species’ demographic variables and population parameters
effect outcomes (Buschke & Sinclair, 2019; Reside et al., 2019; Vanderduys, Reside, Grice, &
Rechetelo, 2016). Northern brown bandicoots for example seemed to be better equipped to recover
through offsetting even under intense development pressure (Fig.3). This is probably because they
have high population growth rates (Rmax = 1.5), occur in high densities (d = 0.985), and produce
multiple generations per year (Kemper et al., 1990), allowing populations to recover when using

metrics which account for these processes (Fig.3). Conversely, tiger quolls have large dispersal
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distances, occur at low densities (d = 0.05), and require large home-territories (Kdrtner, Holznagel,
Fleming, & Ballard, 2015). Consequently, stochasticity in placement of development impacts and
restoration efforts could drastically alter their population structures, resulting in a decline in
abundance even when habitat is being restored (Fig.3). Similar source-sink dynamics have been
observed when simulating offsets for other highly dispersive species (e.g. birds), making it even more
difficult to determine long-term impacts of developments for wide ranging, locally rare species
(Devictor et al., 2010; Marshall, Valavi, et al., 2020). We would expect that offsets are likely to have
better long-term outcomes if metrics accurately describe the processes impacting species they intend
to protect (Cristescu et al., 2013; Marshall, Wintle, et al., 2020). We observed some evidence to
support using such metrics, particularly when considering the total area required to implement

beneficial offsets (Fig.5).

This research illustrates that long-term benefits delivered through offsets are dependent on adherence
to the mitigation hierarchy, availability of land for restoration and understanding species-specific
processes underlying persistence. Designing offset metrics that capture species-specific processes in
practice will make accounting for multiple species in offset programs quite complex (Kujala et al.,
2015). However, considering the dynamics of species we are aiming to protect should improve our
understanding of how offsets are likely to perform for all species (Bekessy et al., 2010; Schmeller et
al., 2017). Using species distributions and demographic parameters to help strategically plan
development offset trades could mean avoiding impacts on species which cannot be accounted for
through offsetting (Moilanen & Kotiaho, 2018; Villarroya et al., 2014), both in terms of extent of
their remaining habitat (e.g. yellow-bellied gliders) and their ability to recover (e.g. squirrel gliders
and tiger quolls). Simulation approaches, such as those used here, could also be useful for evaluating
potential impacts of a proposed development on habitat and species prior to implementation and help

estimate long-term risks and benefits of offsets (Bedward, Ellis, & Simpson, 2009).
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There is no one size fits all approach for measuring biodiversity and future policy solutions will likely
be nuanced and context dependent. Regardless of the approach, ecological objectives of an offset
need to be explicitly stated and metrics should reflect those objectives. A key aspect of this is ensuring
offset targets remain achievable within habitat available, and ideally offset gains should be accrued
prior to impacts. If development impacts cannot be demonstrably offset with the metrics and habitat

available in an adequate time they should not be approved.
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Synthesis and application: When impacts on high quality habitat were avoided, and assuming the
protection and restoration benefits can occur in practice, vegetation-based metrics may produce offsets
which deliver gains in species abundance equivalent to species-specific metrics. However, species-
specific metrics outperformed vegetation-based metrics when core habitats were lost. Applying
avoidance measures as a first step to minimise biodiversity impacts during development will
significantly improve offset outcomes for species and result in greater long-term population benefits

delivered through offsetting.
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