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Quantifying forest degradation,
deforestation and land use change
in vital swift parrot breeding
habitat

Giselle Owens"™, Robert Heinsohn, Philip Gibbons & Dejan Stojanovic

Forest degradation is a major cause of habitat loss for species that rely on old forest features.
Quantitative knowledge of forest degradation and deforestation in the breeding range of the critically
endangered swift parrot (Lathamus discolor) is poor but essential to inform effective conservation
planning. We provide the first quantitative analysis of forest degradation and deforestation across the
swift parrot breeding range. We identify trends and drivers of anthropogenic loss to determine whether
current forestry policy is aligned with targets to secure species recovery. We used global datasets

of forest extent, change and loss to evaluate historic deforestation and forest dynamics since the

year 2000. We applied our analysis at three spatial scales within the breeding range: potential, core,
and Swift Parrot Important Breeding Areas (SPIBAs). We measured trends in fire and anthropogenic
forest loss before and after forestry policy changes. Results informed a land use change analysis to
identify major drivers of forest loss. Habitat loss has occurred in more than 50% of the swift parrots’
breeding range. More than 37% of the breeding range was permanently deforested prior to the year
2000. Of remaining forest in the year 2000, approximately a quarter has been disturbed, degraded or
permanently deforested. Degradation was 6.5 times that of deforestation, and production forestry was
the major human driver of forest loss. Forest loss rates in SPIBAs have doubled since forestry policy
change in 2014. Degraded forests are unlikely to provide habitat for swift parrots and urgent changes
to forest policies and practices are needed to ensure the perpetuity of the species. We highlight the
advantages of using publicly available remote-sensing datasets to quantify past and present habitat
degradation, deforestation, and land use change at biologically meaningful scales relevant to the
recovery of threatened species.

Reducing deforestation and forest degradation is a focal objective of many environmental agendas, including
arresting biodiversity loss, reducing emissions and tackling climate change. Most tree loss globally (62%) is
temporary via degradative processes (e.g. forestry, tree plantation rotation, wildfire) and the remainder
is permanent'. Whereas deforestation is the permanent conversion of forests to non-forest land uses, forest
degradation can be defined as a reduction in a forest ecosystems structure, function, composition and capacity to
provide ecosystem services>’. Quantifying degradation has been more challenging to quantify than deforestation
as canopy cover may be partially impacted or regenerate over time**. Forest change analyses often rely on satellite
imagery data of ‘forest loss, which encompasses both temporary and permanent stand-removing disturbances®.
Recent advancements in remote sensing data and analytical techniques have facilitated more nuanced spatial
analyses capable of distinguishing between anthropogenic and fire-driven forest loss, while also identifying
degraded and disturbed forests'-S. This differentiation is vital for informing effective conservation and land use
policy, as forest loss from increasingly altered natural processes, such as wildfire®, and anthropogenic drivers,
including forestry, agricultural expansion and urbanization”® can compromise forest quality via fragmentation’,
changes in structure!?, altered species composition'!, edge pressures and heightened susceptibility to subsequent
disturbances!?*.

Forest degradation and deforestation pose a key threat for biodiversity via the removal and diminishment of
mature habitat'%. A comprehensive study of extinction risk for 19,432 vertebrates worldwide revealed that forest
loss elevates the risk of a species being listed as threatened on the IUCN Red List, of being upgraded to higher
threat categories and experiencing population decline!®. Forest-dependent species are highly vulnerable to forest
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loss®, with numerous additional species projected to be classified as threatened due to globally prevailing trends
of forest management!®. For example, parrot species that have the highest risk of extinction have high forest
dependence, are island endemics and are impacted most by logging, agriculture, trapping and hunting'®. With
climate change and land-use change projections affecting forests, including protected areas'”"!8, the potential risk
presented by forest degradation to biodiversity might outweigh that of outright deforestation at regional scales'!.
Conservation programs aimed at halting the loss of forest-dependent species therefore require critical evaluation
of both deforestation and forest disturbances that degrade forests. Furthermore, identification of the underlying
land-use drivers is a priority for planning mitigation efforts, along with an evaluation of the efficacy of existing
policies in maintaining forest quality for these species.

Certain forest-dependent species, such as those that rely on old forest features (e.g. tree cavity-nesters) are
especially affected by forest structural changes'®!®. Throughout the last two centuries, the nomadic swift parrot
Lathamus discolor has faced significant habitat loss across its range in south-eastern Australia®. It breeds only in
the island state of Tasmania, where it continues to be impacted by forestry*!. The swift parrot requires extensive
forested area as the distribution of food resources (i.e., flowering eucalypts) vary spatially each year across its
breeding range?? and nearby nesting sites (i.e., specialized tree cavities in old trees) are scarce?>?*. The loss of key
habitat resources and intactness renders the parrot at elevated risk of concurrent threats (e.g. invasive species
pressure, climate change), unabated population decline and extinction?>26.

Forest degradation from human-uses is equivalent to habitat loss for the swift parrot. Regenerated trees from
forestry practices are unlikely to attain an age or size that provide tree cavities suitable for nesting (120-220
years)'??* or substantial food resources (i.e., the mean diameter-at-breast-height (DBH) of foraging trees is
84 cm, young trees with mean DBH<59 cm are not foraged)?, based on the comparatively short time span
of silvicultural rotations in native forests (<90 years)?®. Variable retention silvicultural practices, such as the
retention of mature habitat clumps, are practiced in some harvested areas and may provide resources for some
forest species (e.g. brushtail possums Trichosurus vulpeculai). However, this measure is likely to be insufficient
to meet the needs of the swift parrot, as retained clumps in Tasmanian forests are small (mean 0.1ha, <0.21 ha),
have elevated rates of tree collapse post-harvest (11.7%/10 years)?>°, and have a small probability of containing
a cavity suitable for swift parrots?*!. Eucalyptus plantations are also unlikely to provide food for swift parrots
as plantations are harvested on even shorter rotations (30 years)?. Based on current practices, cleared and
regenerating forests, (i.e., degraded and disturbed forests) represent a detrimental, long-term loss of habitat for
the swift parrot population.

To guide swift parrot habitat retention, a report in 2010 identified 12 ‘Swift Parrot Important Breeding Areas’
(hereafter SPIBAs)*2. SPIBAs were selected as priority management areas based on known use and suitable
habitat, and a further three have been added since. By 2015, estimates of a severe population decline® resulted in
uplisting the swift parrot to ‘Critically Endangered’!. A key management recommendation to avert extinction
was the management and protection of known swift parrot habitat at the landscape scale with the goal of
achieving a sustained population increase over 10 years. Nevertheless, the swift parrot population has continued
to decline?®, with fewer than 500 individuals remaining®. Recently, the Australian Government committed
to averting extinction of swift parrots*®’, which calls into question whether forest policies currently in place
across Tasmania support or exacerbate the swift parrot’s negative population trajectory®®. Moreover, Australia
has signed global commitments to halt forest degradation and deforestation by 2030 (i.e. the Glasgow Leaders’
Declaration on Forests and Land Use)*. To date, no quantitative range-wide assessment of habitat loss has been
undertaken for the swift parrot, although it has been a listed action in recovery plans for more than a decade®®4!.

Quantifying forest degradation and stand-disturbance (e.g. partial canopy loss, height reduction, thinning)
in landscapes that remain forested (by regenerating woody growth) presents challenges. Data on forest quality
are not captured by satellite imagery of tree cover extent, but these data can be aggregated with thematic maps
for further inference. The swift parrot’s breeding range exemplifies this challenge, as Tasmania has 72-76%
vegetation cover*?, but only a third of Tasmanian forests remaining are intact*® or of high integrity'>?*. Within
swift parrot important breeding areas (SPIBAs), forests with high integrity are even scarcer (4.2% vs. 29.4%
statewide)?®. Forest accounting (i.e. systematic measurement and tracking of forest condition and changes over
time) in swift parrot habitat is complicated by shifts in land-use classification in forested areas following a policy
change enacted a decade ago through the Forestry (Rebuilding the Forest Industry) Act 2014*. This policy’s
purpose was to “provide for the invigoration of the forest industry and for related purposes’, thereby repealing
prior legislation that sought to protect forests of high conservation value (i.e. the Tasmanian Forests Agreement
Act 2013). Subsequently, high conservation value reserves were reclassified as production forestry land and
previously used forestry land was converted into reserves?!.

Current zonal maps used to guide and report on forest management, such as reserve area and timber
production zone land*’, therefore do not account for legacy effects of forest degradation and deforestation.
Subsequently, the true extent of habitat loss that has occurred within the swift parrot breeding range is likely
to be underestimated. Fortunately, advances in satellite imagery processing in the last decade® have enabled
transparent analysis of multi-decadal forest loss and change since the year 2000 (noting that by this time,
extensive unquantified deforestation and forest degradation had already occurred in Tasmania)?’. More recently,
technological advances have enabled the disaggregation of fire-driven loss from other drivers of forest loss®, as
well as the detection of tree height changes, forest clearing and other forms of forest disturbance!.

Conservation of the swift parrot will require protecting extant forest in its breeding range from deforestation
and degradation. To achieve this, it is necessary to evaluate if current land management trends and policy are
supporting this objective. We aim to provide the first quantitative analysis of deforestation, degradation and
forest loss (i.e. stand-disturbance) across the entire swift parrot breeding range. We sought to identify the drivers
of forest loss and to identify trends since policy change. We conducted our study at: (i) the breeding range
level, given the importance of crucial feeding and nesting habitat to a mobile species’ survival and subsequent
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assessment criteria (i.e. area of occupancy [AOO], extent of occupancy [EOO]) on the IUCN Red List, and
(ii) at smaller core range and SPIBA levels, given the intended purpose of these spatial units to guide forest
management for this species.

Methods
The swift parrot’s breeding range is in the island state of Tasmania, Australia. Current swift parrot range
boundaries are predominantly in the east and north, with small pockets in the west of the state (Fig. 1). Major land
uses include production forestry of native forests, plantation forestry, agriculture and pasture, and conservation
areas*2. Eucalyptus tree species dominate dry and wet sclerophyll forests and include medium to very tall species
(e.g. E. globulus, E. obliqua, E. delegatensis, E. viminalis, E. regnans) that typically reach heights in excess of 45 m
and up to 80-100 m*®. Small-medium trees, such as E. ovata and E. brookeriana, reach 30-40 m in height®°.

We used global datasets that enable consistent spatial and temporal analyses of forest extent, change and
loss as the foundation of our analysis. These data are produced from Landsat data by the Global Land Analysis
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Fig. 1. Breeding-range boundaries for the migratory swift parrot Lathamus discolor in Tasmania, Australia.
‘Potential range’ (dark blue) denotes the extant breeding range. The ‘Core range’ (green) contains Swift Parrot
Important Breeding Areas (SPIBAs) (yellow), which are management boundaries to prioritize swift parrot
habitat protection. There are fifteen SPIBAs: 1 - Binalong; 2- Buckland; 3- Channel; 4 - Forestier Peninsula;
5 — Hobart; 6 — Lake Leake; 7 — Maria Island; 8 - Meehan Range; 9 — North Bruny; 10 — Royal George; 11 -
South Bruny; 12 - Southern Forests; 13 - St Marys; 14 — Tasman Peninsula; 15 - Wielangta®2. Map generated
in R>2 with publicly available swift parrot management boundary datasets® and packages sf 1.0-14°%°!, tmap
3.3-4%and viridis 0.6.4°.
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and Discovery (GLAD) team at the University of Maryland and are publicly available (https://glad.umd.edu/d
ataset). Forest change analyses within breeding habitat were undertaken in Google Earth Engine (https://eart
hengine.google.com), which enables cloud processing of large datasets using JavaScript. Forest height, extent
and disturbance dynamics between the years 2000 and 2020 were quantified with the Global Land Cover and
Land Use Change (GLCLUC) dataset®. As this dataset does not yet provide annual data necessary for trend
analysis, we used commonly used spatial datasets of forest loss™°, which define forest loss as a stand-replacement
disturbance (i.e. loss followed by regeneration; degradation) or a permanent removal of the canopy> 5 m
(i.e. deforestation). Specifically, inter-annual variability and trends in forest loss from fire and non-fire causes
between the year 2000 and 2022 were derived from the Global Forest Change dataset® and ‘Global forest loss due
to fire’ map®. Drivers of forest loss from non-fire causes were identified with a land use and land change analysis
of classified spatial data (Tasmanian Land Use 2001; Tasmanian Land Use 2021)*”® (https://www.thelist.tas.gov
.au/), defined by Australian Land Use and Management (ALUM) classes (https://www.agriculture.gov.au/abares
/aclump/land-use/alum-classification). ALUM class data are verified and validated at catchment scale following
national guidelines®.

The boundaries of SPIBAs, core and potential ranges (Fig. 1) (available from the Natural Values Atlas (https:/
/www.naturalvaluesatlas.tas.gov.au/) were intersected with major vegetation classes using regional mapping data
of vegetation groups (TASVEG 4.0) (https://www.thelist.tas.gov.au/), and package ‘sf’ v.1.0-8°%°! in R>2. We used
swift parrot range boundaries and vegetation types as overlays on the forest change datasets. Current vegetation
maps include the class ‘modified land’ (e.g. plantations, agriculture, urban areas, etc.), which encompasses land
that was previously eucalypt forest and has been modified, either historically or recently (i.e. prior to the year
2020). We therefore included all vegetation classes in our analysis of forest status and calculated the proportion
of forest area per class. To estimate historic deforestation, we used national thematic maps (NVIS 6.0) of major
vegetation groups at two time points: prior to the dispossession of the Palawa/Pakana people of their country
(‘pre-1750°), and this century (‘present’)>> (Fig. 2). Datasets and associated spatial resolution are listed in Table
SI.

Forest height, loss and disturbance

We used the Global Land Cover and Land Use Change dataset! to quantify change in forest height and extent.
The height of forests is a useful way of detecting degradation that does not result in deforestation. For example,
logging of old growth forest often results in rapid replacement by shrubs and saplings, resulting in ongoing forest
cover of diminished habitat value. Forest area was calculated from height maps for forest>5 m height in the
year 2000 and the year 2020. We stratified forest extent at 5-9 m (short), 10-19 m (medium) and =20 m (tall)
for years 2000 and 2020 per Potapov et al. (2022) (i.e. classification thresholds, 0,5,10,20,>20). The lower-bound
limit of the tallest stratum category is restrained at > 20 m as pixel resolution (30 m; Table S1) is saturated at taller
heights!. These categories are therefore not intended to match alternative definitions of forest heights, which
vary globally and by forest type. Gross loss and gain dynamics of forest height extent were calculated across
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Fig. 2. Historic change in vegetation cover and eucalypt deforestation in the swift parrot breeding range in
Tasmania®*>>*, Dark purple lines represent the swift parrot breeding range, defined by current ‘potential’ range
boundaries®?. From left to right, vegetation cover prior to the year 1750, extant vegetation cover and historic
deforestation of eucalypt forests. Map generated in R>? with packages raster 3.6-26, sf 1.0-14°%1, tmap 3.3-
4°%and viridis 0.6.4°°.
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time-points. Stable and dynamic forest extent were quantified using the dynamic forest type map by Potapov et
al.! This classifies forests into four types: (1) stable forests with no to minimal height change; (2) forest extent
loss, equivalent to loss of trees>5 m height in the year 2000 without replacement; (3) forest extent gain, growth
of trees > 5 m since the year 2000; (4) forest loss and disturbance, equivalent to forests which experience stand-
level disturbances, height loss > 50%.

Trends and interrupted time-series analysis
We employed an interrupted time series analysis®’ to assess the impact of policy change on forest loss over a
22-year period, from the years 2001 to 2022. Interrupted time series analyses are typically used to assess the
impact of a law or policy or treatment following an event®. The interruption point corresponded to the year
2014, when the policy change (i.e., the Forestry (Rebuilding the Forest Industry) Act 2014) was implemented.
This approach allowed us to assess whether there was a significant change in forest protection or loss in the
swift parrot breeding range following the policy change and the prevailing trends. For this reason, we collected
annual time-series data on forest loss in SPIBAs from the Hansen Global Forest Change 2000-2022 dataset, as
the Global Land Cover and Land Use Change dataset currently does not provide annual data. We utilised these
data to identify the first stand-replacing loss per pixel across all years. We used this map in conjunction with
the ‘Global fire loss due to fire¢’ 2001-2022 map, to disaggregate fire-driven loss from anthropogenic (non-fire)
drivers within the Global Forest Change dataset. We used only pixels classified with medium-high certainty
as loss from fire, per Tyukavina’s® classification of fire and non-fire loss. To capture trees in open woodland or
heavily deforested areas, tree canopy cover was defined as canopy closure > 0% for trees > 5 m height at 30 m pixel
resolution. Prior to conducting the analysis, the data were explored visually with line plots. These plots provided
an overview of temporal trends, vegetation cleared and fluctuations in fire and anthropogenic-driven forest loss.
We fitted segmented linear regression models on the interrupted time series data®” of anthropogenic forest
loss in R®% These included the following variables: forest loss (hectares) per year in SPIBAs; time variable ¢
corresponding to year; interruption time coded as 0 pre-policy change and 1 post-policy change; and a slope
change variable, equal to zero at the year of policy change (2014). We modelled predicted forest loss post-policy
change and a counterfactual model (i.e. alternative trajectory) of estimated annual loss if the interruption had
not occurred. Significance of the variables was assessed using standard t-tests for the coefficients.

Anthropogenic drivers

To identify dominant human drivers of forest loss in swift parrot breeding areas, we conducted a land-use and
land change analysis within the impacted forest area. We used maps of Australian Land Use and Management
(ALUM) classes at different time-points (2001, 2021)**%, in conjunction with SPIBA boundaries as overlays with
the disaggregated anthropogenic forest loss data (i.e., the study area was defined by pixels of remotely-sensed
anthropogenic forest loss within SPIBAs detected between 2001 and 2022 and excluded forest loss from fire).
Zonal statistics of land-use and conversion in areas of anthropogenic forest loss in SPIBAs between 2001 and
2021 were obtained in R using package ‘sf” v.1.0-8°%°1. Land use classes were grouped by primary classification
groups, except for secondary classes of known importance (e.g. production forestry, plantations, conservation
and natural environments).

Results

Our analyses within swift parrot breeding habitat reveal changes in forest dynamics and trends over the last two
decades. We estimated that approximately one quarter of forest within the breeding range of the swift parrot
was disturbed, degraded or permanently deforested between 2000 and 2022 (Table 1). Forest degradation and
disturbance (including stand-level disturbances and forests that had a canopy height reduction of 50%) was
6.5 times that of deforestation. The extent of degradation and disturbance varied across SPIBAs, with some
areas (e.g., the Southern Forests) disproportionately affected. Anthropogenic forest loss (inclusive of stand-
replacement and permanent loss) in SPIBAs has shown a significant and sustained increase since forestry policy
changes in 2014, four years after the first SPIBAs were designated. Land use and change analysis shows that
production forestry is the dominant anthropogenic driver of forest loss, followed by forestry in areas previously
or subsequently managed for conservation, and conversion of native forest to plantations. Catastrophic wildfires

Forest loss,
disturbance
Net forest area | Net forest Net forest and
change extent loss extent gain degradation
Breeding range boundary | Areakm? | % | Areakm? |% | Areakm? | % | Areakm? | %
SPIBAs 14 03 |79 1.8 |93 2.2 | 744 17.3
Core Range 4 0.1 |115 1.9 | 119 1.9 | 962 155
Potential Range -73 -0.5 | 462 3.4 | 389 2.9 | 3022 22.2

Table 1. Forest area (km?) and dynamics within swift parrot range boundaries from 2000 to 2020. Forest loss,
disturbance and degradation presented here includes forest extent loss and stand-replacing disturbances or a
forest height reduction = 50%, per the categories in the GFCLUC dataset’. Net forest gain refers to forests that
grew =5 m since the year 2000 and net forest loss refers to removal of forest>5 m without replacement.
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(e.g., in 2019) exerted high levels of temporary forest loss at regional levels but overall exerted less forest loss
than non-fire drivers.

Forest status in 2020

As of the year 2020, there were 13,567 km? of forest cover across the swift parrot breeding range. Approximately
74% of forest cover is classed as Eucalyptus forests and woodlands, 14% of forests is classed as ‘Modified land’
and other vegetation classes make up the remainder of forested area (12%). Within SPIBAs, 83% of forest area
is Eucalyptus forests and woodlands, 11% is modified land and 6% is composed of other vegetation classes.
‘Modified land’ includes land converted from native vegetation, including Eucalyptus forest, at any time prior
to 2020. An estimated 37% of historic Eucalyptus forested land within current breeding range boundaries has
been cleared and converted to modified land uses since European settlement (Fig. 2). Approximately 37% of
forests in the swift parrot breeding range were above 20 m height in the year 2020 (Fig. 3). The distribution of tall
forests was unequal amongst SPIBAs, with six SPIBAs having fewer than 20% tall forests and five SPIBAs being
composed of more than 50% tall forest.

Forest dynamics

Forest area in the swift parrot breeding range was defined as forest and woodland with a canopy height>5 m,
and included land categorised as modified uses and plantations, as either may have been intact forest in the
year 2000. Within the potential breeding range, 3.4% of forest (462km?) was cleared without stand-replacement
and a further 18.8% (2633km?) was affected by stand-replacing disturbances or forest height reduction>50%
(i.e. forest disturbance and degradation) (Table 1). In the two decades 2000-2020, the net area of forest across
the potential range of the swift parrot decreased by 0.5% or 73km?. The net change is a balance between net
extent loss (462km?), defined as forest cleared without replacement by the year 2020, and extent gain (389km?),
representing forests that recovered to heights>5 m or established since the year 2000. During the last two
decades, 2.9% of forests established or grew>5 m. Cumulative forest loss, disturbance and degradation were
relatively similar at different spatial levels (15.5-22.2%), encompassing the SPIBAs, core and potential range
(Table 1).

Some SPIBAs had disproportionately high rates of forest loss and disturbance compared to other breeding
areas (Fig. 4). Forest loss and disturbance ranged from near zero within a national park (0.6% on Maria Island)
and up to 35% in regions affected by intensive timber harvesting (35.6% in the Forestier Peninsula; 34.9% in
the Southern Forests; 26.6% in Wielangta). Three SPIBAs (Southern Forests, Wielangta, Lake Leake) account
for 43% of the SPIBA forested area, and each have more than ~550km? of forests. These same areas account
for the most forest loss and disturbance compared to other SPIBAs: Southern Forests (198.6km?); Wielangta
(148.5km?); and Lake Leake (Eastern Tiers) (84.9km?) (Fig. 5). A third of SPIBAs experienced a small decline in
forest extent (0-1.4%), most notably Lake Leake (5.6km?) and the Southern Forests (3.5km?). Remaining SPIBAs
experienced a slight gain (0-2.2%) in forest extent, representing forests that grew>5 m or established since the
year 2000, with the largest extent gains in the Channel (5.9km?) and Wielangta (12.5km?).
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Fig. 3. Proportion of forest area by height strata in 2020 within (a) swift parrot range boundaries: Potential,
Core, Swift Parrot Important Breeding Areas (SPIBA’); and (b) individual SPIBA’s. Data: Global Land Cover
and Land Use Change dataset!.
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FOREST DYNAMIC, 2000 - 2020

Forest area (km?) impacted in Swift Parrot Important Breeding Areas

Disturbance, degradation, loss Forest extent loss Forest extent gain

Forest area (km?)
N
0 50 100150

Source: GFCLUC dataset, https://glad.umd.edu/dataset

Fig. 4. Forest dynamic type in Swift Parrot Important Breeding Areas (SPIBAs) by forest area (km?) impacted
between 2000-2020.

The forest height data showed the distribution of short, medium and tall forests across the swift parrot
breeding range. This information expands on simple metrics of loss and gain, reflecting changes in forest strata
and dynamics of forest regeneration and forest enhancement (growth of pre-existing short-medium height
forests since the year 2000). Forests were stratified by three height classes per Potapov et al. (2022) into short
(5-9 m), medium (10-19 m) and tall (>20 m) forests. Tall forests constituted 44.6% of the swift parrot’s total
breeding range in 2020, while medium-height forests occupied the most area (46%) and short forests represented
9.3% (Table 2; Fig. 3). Net height gain occurred in tall and medium forests (39.8km?) across SPIBAs, indicating
the transition from short and medium forests over 20 years, while net short forest extent correspondingly
declined (71.3km?). The 20-year net change in height classes represents the balance between forests that grew
and transitioned height classes, stable forest heights per strata, and forest loss. Height-trends over twenty years
were consistent across multiple-scales (i.e., potential range, core range, SPIBAs collectively) (Table 3).

The pattern of forest height gain and loss was more variable between SPIBAs. Some SPIBAs experienced an
increase in tall forest extent (Channel, 18.2km?; Buckland, 11.3km?) and decrease in short forest extent. Five
SPIBAs had net loss of medium-tall forests. The SPIBA with the greatest area of forest loss, disturbance and
degradation - the Southern Forests — had a net loss of 16.4km? tall forest and a net gain of 12.8km? short and
medium forests.
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Fig. 5. Three most impacted Swift Parrot Important Breeding Areas (Wielangta, Lake Leake, Southern
Forests), by: tree height (year 2020; Forest dynamic (Source: GLCLUC dataset'); forest loss from fire and non-
fire (Source: GFC and ‘Global loss from fire’ datasets>®), and; land use class in 2001 and land use class in 2021.
Forest disturbance, degradation and loss in these areas totalled: Wielangta (89.7km?): Lake Leake (Eastern
Tiers) (58.8km?); Southern Forests (106km?).
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Eucalyptus Forest Area

km? Net forest change km?

Year 2020 2000-2020
SPIBA 5-9m | 10-19m |220m | 5-9m | 10-19m | 220 m
Binalong 11.1 79.3 22.5 -2.4 -3.9 5.4
Buckland 30.4 196.9 61.6 -13.2 4.0 11.3
Channel 23.7 110.1 277.8 -150 |28 18.2
Forestier Peninsula | 25.6 73.6 56.3 -2.1 5.4 -2.7
Hobart 33.2 120.0 76.7 -124 |14 9.9
Lake Leake 35.8 421.1 243.1 2.8 -7.4 -1.0
Maria Island 7.3 354 46.8 0.5 -0.3 -0.4
Meehan Range 26.1 65.1 1.8 -7.8 5.9 0.6
North Bruny 13.6 35.9 0.7 -3.1 3.1 0.0
Royal George 20.4 146.8 50.9 7.3 -2.1 -3.6
South Bruny 14.9 46.0 151.7 | -5.8 -0.8 6.6
Southern Forests 52.8 105.6 407.0 | 6.7 6.1 -16.4
St Marys 6.6 67.4 173.0 |-1.2 1.7 1.6
Tasman Peninsula | 33.5 117.4 2202 | -3.5 0.0 5.3
Wielangta 66.4 366.9 136.8 -22.1 23.7 10.9

Table 2. Forest height strata area and net change (2000-2020) within SPIBAs. Data source: Global Land Cover
and Land Use Change dataset!.

Eucalyptus forest area

km? Net forest change km?

Year 2020 2000-2020
Breeding range boundary | 5-9m | 10-19m | 220m |5-9m | 10-19m | 220 m
SPIBAs 401.3 | 1987.5 1927.0 |-71.3 | 39.8 45.6
Core Range 658.0 | 2955.1 2598.9 | -129.4 | 553 77.8
Potential Range 1327.8 | 6053.8 6180.6 | -190.1 | 47.9 69.6

Table 3. Forest height strata area and net change (2000-2020) within swift parrot breeding range boundaries.
Data source: Global Land Cover and Land Use Change dataset'.

Forest
loss from
Forest loss anthropogenic
from fire drivers
Areakm? | % | Areakm? | %
SPIBAs 167 33 | 346 67
Core range 264 38 | 436 62
Potential range | 654 25 | 1952 75

Table 4. Forest loss from fire and anthropogenic drivers between year 2000 to 2022 within the swift parrot
breeding range. Estimates are derived from the ‘Global forest loss from fire’ map® & the Global Forest Change

map’.

Annual trends and forest loss from fire

Years of forest loss between the year 2000 and 2022 were derived from the Global Forest Change map where loss
pixels represent the first stand-replacement disturbance and may include either permanent forest loss or areas
that later regenerate. Disaggregated annual forest loss from fire per loss pixel was obtained from the ‘Global loss
from fire’ map® which is an expansion of the Hansen et al.> Global Forest Change dataset. Breeding range-wide,
75% of forest loss was attributable to anthropogenic, non-fire drivers and a quarter of loss was from fire (25%)
(Table 4). Across SPIBAs, 33% of loss was from fire and 67% loss was from anthropogenic drivers. Anthropogenic
loss in dry eucalypt forest surpassed anthropogenic loss in wet eucalypt forest in recent years, although losses
between these classes were equivalent over a twenty-two period (Fig. 6).
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Fig. 6. Forest loss from fire and anthropogenic (non-fire) drivers by (a) Swift Parrot Important Breeding Areas
(SPIBAs), and (b) Vegetation class between year 2000 to 2022.

Interrupted time-series analysis

Interrupted time series modelling revealed significant trends of anthropogenic forest loss within swift parrot
important breeding areas (SPIBAs) pre- and post-forestry policy change (i.e. the Forestry (Rebuilding the Forest
Industry) Act 2014). The change in forestry policy marked a distinct turning point in the trend of annual forest
loss. Prior to the policy change, which occurred in 2014, the model identified a highly significant decreasing
trend, with an estimated decrease of 139 hectares of forest loss per year between 2001 and 2013 (p>0.001)
(Fig. 7). There was a distinct shift in the trajectory after the Forestry (Rebuilding the Forest Industry) Act 2014 was
enacted, although this association was not immediately significant in the first year of change (Fig. 7). The post-
interruption period, from 2015 onwards, demonstrated a highly significant increase in forest loss, amounting
to an estimated 329 ha additional loss per year from 2015 onwards (p>0.001). The rate of increase was more
than double the rate of decrease prior to pre-policy change (Fig. 7), indicating a strong association between the
change in forest policy and the observed trend. The interrupted time series analysis suggests that the 2014 policy
change led to a notable and sustained rise in annual anthropogenic forest loss within SPIBAs.
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Fig. 7. Interrupted time-series of anthropogenic forest loss per year (2001-2022) in Swift Parrot Important
Breeding Areas (SPIBAs) pre- and post- interruption (i.e. forest policy change); interruption: 2014. Solid
lines represent model estimates of annual forest loss pre- and post- interruption. Forest loss was significantly
negative prior to the interruption, showed a non-significant increase immediately afterwards (i.e. the first
year) and increased significantly post-policy change. The dashed sloped line represents counterfactual model
estimates of annual forest loss should the interruption not have taken place, based on preceding trends.

The vertical dashed line indicates the year of the forest policy change in 2014. Grey points indicate actual
anthropogenic forest loss per year.

Anthropogenic drivers

Our land-use and transition analysis of anthropogenic forest loss in SPIBAs identified human-drivers of forest
degradation and loss. Production forestry was the prevailing driver of forest loss, followed by forestry on
‘Conservation and natural environments’ land and conversion of other land-uses to plantations (Figs. 4 and 8).
A total of 57% of loss occurred on land that was, remained or transitioned to production forestry. We found that
27% of loss occurred on land that was, remained or transitioned to ‘Conservation and natural environments’ land
(inclusive of secondary classes ‘Nature conservation, ‘Other minimal use’ and ‘Managed resource protectiorn’).
Accounting for overlap between these categories, forestry on these land classes accounted for 77% of all forest
loss. Specifically, the original area that was retained as production forestry over the time interval accounted for
112km? of cleared forests between 2001-2022. The conversion of production forestry land to other land uses
accounted for an additional 64km? of forest loss, whereas the conversion of conservation and plantation land to
production forestry accounted for a further 18.3 km? of loss (Fig. 8).

Plantation land use doubled in forest areas that were cleared across the two decades, yet half of the original
plantation area (17 km?% 4.6% of loss) that was harvested was converted into other land uses (predominantly
agriculture and production forestry of native forests) within that time, indicating limited permanence of
plantations. However, the total cleared plantation land increased by 2021, as 88.4km? of other land uses were
converted to plantation land uses (inclusive of 45.4 km? of production forestry land, 21.5km? of conservation
land (‘Other minimal us€’) and 21.5km? of agricultural land). Unconverted agricultural land accounted for
4% of forest loss (13.7km?) across two decades and additional loss was incurred from transition to or from
plantation or production forestry land uses. Conversion of agricultural and conservation (‘Other minimal use’)
land to urbanization (residential and farm infrastructure) accounted for 10.6km? of anthropogenic forest loss, in
addition to 1.9km? loss on pre-existing developed land (3.6%).
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Fig. 8. Land-use change transition matrix (2001-2021) showing the area (km?) of land use transition in areas
impacted by anthropogenic forest loss (2001-2022) within swift parrot important breeding areas (SPIBAs).
From left to right, values represent the area of land use transition within cleared forests between 2001 and
2021. Matching land uses indicate the area (km?) of forest loss where the same land use category was recorded
at both time points. Categories ‘Nature conservation, ‘Other minimal use’ and ‘Managed resource protection’
are all sub-categories of ALUM primary class ‘Conservation and Natural Environments. Heatmap colour values
are on a logarithmic (loglp) scale using R package viridis 0.6.4°, to show the relative scale of small values. Grid
numbers represent forest loss (km?).

Discussion

Deforestation is a leading threat to biodiversity globally and thus is often a focal point of conservation programs.
However, forest degradation, inclusive of stand-level disturbances and stand-replacement loss, can exert greater
habitat and biodiversity loss at regional scales!!. Substantial evidence now shows that forest degradation, together
with deforestation, are the largest threats to forest ecosystems and forest-dependent species!®. The swift parrot is
subject to ongoing habitat loss and is among 20 Critically Endangered bird species the Australian Government
has committed to save from extinction®”. To evaluate whether human land-uses and policy are congruent with
conservation goals, we quantified forest dynamics, trends and identified drivers of forest loss in the swift parrot
breeding range.

Our results show a decline in swift parrot habitat extent and quality over the last two decades. This was
caused by ongoing and escalating forestry practices, shifting land-use patterns, and the heightened prevalence
of widespread fires. The extent of deforestation, disturbance and degradation impacted approximately a quarter
of forests in the swift parrot’s breeding range in 20 years. Over the same time period, the swift parrot population
has declined from over 2100 birds to less than 500 birds*>. We estimated little change in net forest area, indicating
that contemporary habitat loss within the swift parrot breeding range is almost entirely forest degradation.
Approximately 37% of eucalypt forests in the contemporary range boundaries were deforested historically, but
the extent of historic degradation is likely to be far higher?’. In combination with recent degradation and forest
extent loss, and the limited extent of tall forests remaining, we estimate less than a quarter of habitat remains
within contemporary range boundaries. Forest loss was decreasing in SPIBAs prior to forest policy change in the
year 2014, after which forest loss increased at double the rate of the previous decrease. Even though fire extent
and frequency increased between 2000 and 2022, fire accounted for only a quarter of forest loss in SPIBAs.
Forestry was the dominant driver of forest loss, followed by other human-uses associated with timber harvesting.

Habitat loss has long been recognised as a key threat to the swift parrot?®?1:3-60 and recent research has
confirmed that forest degradation amplifies the impact of other threats (i.e. nest site competition, nest
predation)?>1:62, Forest extent loss (i.e. deforestation) was quantified within our study as loss of trees > 5 m height
in the year 2000 without replacement, whereas forest loss and disturbance (i.e. degradation) was equivalent to
forests which experienced stand-replacement loss, height loss = 50% or stand-replacing disturbances. We found
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extremely high levels of forest degradation across the swift parrot breeding range, and the extent of degradation
was eight times that of deforestation within the years 2000-2020. For context, the percentage of forest extent
loss, disturbance and degradation observed between 2000 and 2020 within the swift parrots breeding range
(22.2%) was about twice that observed in forests across Australia (9.3%) and the world (13.6%). This finding
emphasises that regional estimates of forest change (i.e. state or national boundaries), which do not account
for a species’ range boundaries or reduction in forest quality, may under-estimate true impacts on species.
Tasmania is a heavily forested state, with extensive forest cover outside the parrot’s range, and overall achieved
negative carbon emissions between 2011-2019%. However, our findings suggest a disparity between statewide
forest extent and highly spatially concentrated forest degradation, disturbance and extent loss within the swift
parrot’s range. Accumulating evidence demonstrates that safeguarding intact landscapes from significant human
impacts conserves biodiversity'!, but for much of the swift parrot’s range this practice has not been implemented.

Fire-driven forest loss is characterised by temporary stand-disturbances and is a natural part of the
regenerative cycle of Eucalyptus forest. Fire accounts for the majority of stand-disturbing forest loss in Australia
(75%) relative to non-fire loss (25%)° but the exact opposite was true within the swift parrots breeding range,
where anthropogenic drivers (75%) outweighed fire (25%). The impact of fire on the availability of key habitat
resources, such as hollow-bearing or food trees, can be variable and temporary compared to timber harvesting.
However, severe fires can lead to substantial declines in key habitat resources, exemplified by a 62.8% loss of
nesting cavities and 48.6% of trees in a single breeding area after a 2014 fire®. Moreover, numerous Eucalyptus
species, even those considered fire-tolerant, cannot survive frequent fires®. In SPIBAs, forest loss from fire (25-
33%) was comparatively much lower than in forests across Australia (75%)°, but fire frequency aligned with the
nationwide trend, notably during the 2019 bushfires. With growing fire frequency and intensity due to global
warming!”!%, and the heightened flammability of regenerating forests, forest quality and intactness’ are likely to
decrease further.

Swift parrots often nest in forests that are within the boundaries of areas designated for timber harvesting.
Since the introduction of the Forestry (Rebuilding the Forest Industry) Act (2014)*, anthropogenic forest loss
within SPIBAS has significantly escalated. Although the swift parrot is Critically Endangered?*, targeted habitat
protection is compromised by regional forest agreements that take legal precedence over other environmental
laws. SPIBAs lack formal protection and fall under provisional guidelines, while unsustainable forest practices
further threaten the swift parrot’s survival. Our analysis shows that not only is forestry ongoing, but that it is
increasing in critical remnant swift parrot habitat.

Anthropogenic forest degradation occurred predominantly in production forestry areas and occurred to
a lesser degree in areas managed as ‘Conservation and natural environments. Within the ‘Conservation and
natural environments’ class are secondary land uses, some of which permit timber harvesting. Concerningly,
anthropogenic forest loss also occurred on lands that prohibit harvesting (‘Nature conservation’; 6.8km?). This
may be attributed to illicit firewood collection, but this is challenging to identify without spatially explicit harvest
and permit data. Interestingly, native forests and conservation areas in the year 2000 account for most of the
plantation area today, and this transition was the second largest driver of forest loss. On current vegetation
maps, native forests converted to plantations are classed ‘modified land’ We found that this significant habitat
loss may be overlooked if habitat assessments are restrained to contemporary vegetation mapping of eucalypt
forest. Of note, little over half of the original plantations in the year 2000 that were cleared were retained as
plantations, suggesting short-lived management of plantation forests as a perpetual resource for forest-products,
and a reliance on clearing intact native forests to create new plantations.

Degradation may be overlooked or unreported when considering contemporary habitat availability, as well as
time lags in extinction debt incurred from historic degradation® and future management for threatened species.
The term “degradation” has been defined and measured in various ways in global forest literature, often extending
beyond stand and tree size dynamics to incorporate metrics such as edge effects, landscape connectivity, and
industrial pressures'>’. These broader definitions are vital for assessing biodiversity impacts, particularly for
forest-dependent species'*!>%, Global datasets like the Forest Landscape Integrity Index (FLII) (Grantham
et al., 2020), which has previously demonstrated the importance of high integrity forest for swift parrot nest
survival?®, and the Forest Structural Condition or Integrity Index (FSCI/FSII)® incorporate such factors but
are temporally static. The GLCLUC dataset used in this study offers the best available temporal data on forest
degradation, disturbance and loss since 2000, though its definition is limited to forest stand and height changes'.
Our estimate of degraded and disturbed forests in the breeding range (22.2%/ 20 years) likely underestimates the
true extent by omitting other indicators of forest integrity, such as connectivity and edge effects. To meet global
targets (i.e., the Kunming-Montreal Global Biodiversity Framework), future tracking of forest degradation will
benefit from nuanced temporal global datasets that account for a broad range of indicators®”7°.

Delineating the drivers of forest degradation also presents numerous challenges in areas of temporally
consistent forest cover. Although remote sensing technology has proven capacity to detect land-use changes
associated with deforestation’, detecting drivers of degradation is more challenging. In our study, land-use maps
between 2001 and 2021 illustrated the conversion of past land uses to those recognised today. We show that these
data sources provide a useful indication of the underlying drivers when forest cover was largely unchanged, but
had undergone loss from anthropogenic causes. Multiple studies recognize the link between land cover and
land use as a key challenge in monitoring, modelling, and communicating land changes’!’2. Moreover, human-
driven changes in land use are a significant driver of biodiversity decline and are predicted to worsen in the
coming century”>. Increased spatial capacity to detect forest degradation and its causes are continually evolving,
which will enhance the transparency of human land-use impacts into the future.

Our study has broader significance for other forest species and communities. There have been recent efforts
to estimate habitat loss for Australia’s threatened species based on tree cover change’*”> but our study indicates
these are likely to be underestimates as they exclude forest degradation. As the swift parrots’ range covers much
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of the remaining Eucalyptus forest in the east and north of Tasmania, our analysis of historic deforestation, as
well as contemporary forest loss and degradation, points to the substantial habitat loss experienced by many
other co-occurring forest species, inclusive of birds, mammals, invertebrates, plants, and Eucalyptus vegetation
communities.

This analysis was a result of free, publicly available datasets, cloud-processing platforms for large raster datasets
and coding and statistical software. Our results provide transparent accounts of deforestation, degradation, and
forest loss disaggregated by drivers, both natural and human driven. We show that current thematic maps may
not reflect the legacy of past disturbance even within two decades. Reliance on these data sources to report
habitat management for forest-specialists like swift parrots do not account for past habitat disturbance, shifting
land-use patterns, and policy changes. Our study contains some data limitations and necessary assumptions. Our
analysis of past trends is constrained to the year 2000 due to the availability of satellite data, meaning historical
degradation is difficult to quantify despite its known severity?>*. Our study assumes that non-fire forest loss
is anthropogenic, and we acknowledge that trees may suffer mortality and collapse from other natural drivers
(e.g. wind, drought, salinity, pathogens, defoliation). Nevertheless, there is little documented evidence for these
effects in Tasmania in undisturbed forests, and the contribution of natural mortality other than fire is considered
negligible. The true extent of tree heights is not completely represented by the forest strata data, due to pixel
saturation at tall heights within the dataset, but it does provide the most detailed temporal spatial information
of forest regeneration, afforestation and deforestation. Our estimates of forest degradation are conservative, as
we do not include all indicators of degradation and disturbance, due to spatial dataset limitations. Finally, our
estimates of historic deforestation are conservative as we apply current range boundaries, but the swift parrot’s
past distribution was likely greater than it is today.

Forest degradation can have greater impacts than deforestation on retaining biodiversity at scales important
for the persistence of species. As projected climate change and increased fire frequencies are expected to further
degrade forests, addressing degradation from human land-uses in forested areas is a clear and important path
towards securing habitat for biodiversity. Where policies and land-use practices are not aligned with species
conservation, spatial products, which are increasingly detailed, can provide transparent accounts of forest
change and provide direction for improved land management. The swift parrot exemplifies the challenges of
quantifying habitat loss for threatened species in degraded forests, especially following policy change and land-
use transitions. For the swift parrot to have a chance at averting extinction, forestry practices and land policy
need to change to appropriately conserve intact forests for the perpetuity of the swift parrot.

Data availability

Spatial datasets used in this study are accessible from the sources cited in Methods and Table S1 (Supporting
Information). Estimation of forest degradation, disturbance and forest loss was done in Google Earth Engine.
Example javascript code and forest loss tutorial available on the Google Earth Engine Community website at htt
ps://developers.google.com/earth-engine/tutorials/community/forest-cover-loss-estimation.
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