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A B S T R A C T

Terrestrial and arboreal lichen are the primary winter food source of the threatened boreal ecotype of woodland 
caribou (Rangifer tarandus caribou). Despite its essential role, lichen biomass, a key factor of caribou habitat 
suitability, remains poorly quantified in forested landscapes, limiting effective habitat management and recovery 
planning. Our objective was to estimate lichen volume across two Newfoundland (Canada) boreal caribou herd 
ranges (Gros Morne and Gaff Topsails) using vegetation-specific models that integrate 1984–2022 Landsat Best 
Available Pixel composites with annual vegetation classifications from the National Terrestrial Ecosystem 
Monitoring System. Field data from 66 plots informed zero-inflated gamma models for coniferous forests, wet
lands, barren land and shrublands. Predictors included spectral reflectance, vegetation indices, and vegetation 
type interactions. Model predictions closely matched observed lichen volume (pooled R2 = 0.77, RMSE = 8.58 
dm3 m− 2). Spatial outputs revealed widespread low lichen volume, with the highest volume in coniferous forests. 
Temporal trends showed a general increase in lichen volume since the early 1990s, with faster recovery across 
Gros Morne—potentially aided by the protected national park—compared to the more disturbed Gaff Topsails, 
where historical disturbances could have slowed early recovery. Estimated lichen biomass showed that patches 
reaching ~3000 kg⋅ha− 1—a level typical of stands preferentially used by caribou in winter—were rare but 
widely distributed across the landscape. These vegetation-stratified, long-term estimates of lichen volume pro
vide a key tool for assessing habitat suitability and guiding conservation strategies aimed at supporting woodland 
caribou recovery across Newfoundland.

1. Introduction

Most caribou and reindeer (Rangifer tarandus) populations world
wide have declined for the last two to four decades, although the drivers 
vary by ecotype (Festa-Bianchet et al., 2011; COSEWIC, 2014). For 
boreal caribou, human-induced habitat changes—particularly timber 
harvesting—have reduced access to mature forest habitat and increased 
predation risk through the expansion of early seral vegetation, 
benefiting alternate prey such as moose (Alces alces), which in turn 
supports higher predator populations (Wittmer et al., 2007; Anderson 
et al., 2018). This ecological shift leads to a phenomenon known as 
apparent competition, wherein predators sustained by abundant prey, 
such as moose, also prey upon caribou, further driving their decline 
(Christopherson et al., 2019). Compounding these effects, the 

widespread loss of old-growth forests driven primarily by timber har
vesting has further accelerated caribou population declines by dimin
ishing lichen-rich winter habitat, a critical resource that can take 
decades to recover (Boucher et al., 2009; Cichowski et al., 2022; 
Waterhouse et al., 2011).

The boreal ecotype of caribou—inhabiting critical forest regions for 
forest management—is therefore listed as 'Threatened' under the Species 
at Risk Act (SARA) (Environment and Climate Change Canada, 2020). 
Despite a few ongoing conservation efforts, little progress has been made 
in reducing anthropogenic disturbances, and most populations continue 
to decline (Festa-Bianchet et al., 2011). Effective recovery planning re
quires maintaining suitable habitat, including spatial configuration and 
connectivity, at landscape scales (Courtois et al., 2008; O’Brien et al., 
2006; Ruppert et al., 2016).
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Lichen availability is central to defining habitat suitability for 
caribou conservation, particularly during the critical winter season 
when caribou face trade-offs between forage abundance and accessi
bility (Bergerud, 1972; McMullin et al., 2011; Parker et al., 2005). Deep 
snow increases locomotion and foraging costs, with potential conse
quences for maternal condition and calf size the following spring 
(Adams, 2005). Quantifying lichen biomass is, therefore, crucial for 
developing effective conservation strategies (Courtois et al., 2004).

Lichen biomass, cover, and volume have been estimated using 
combinations of field sampling, remote sensing, and modelling ap
proaches. Early remote sensing work focused on mapping Cladonia 
lichen cover using its unique spectral signatures, distinguishable from 
green vegetation by their absorption of ultraviolet and blue wavelengths 
(Fraser et al., 2022; He et al., 2021; Petzold and Goward, 1988; Théau 
et al., 2005). While lichen cover provides insight into habitat suitability 
(Rickbeil et al., 2017a), biomass is the most ecologically meaningful 
metric for caribou forage assessment (Johnson et al., 2001; Falldorf 
et al., 2014). Estimating biomass over large areas is challenging because 
it requires density and moisture data, which are difficult to assess 
remotely and require extensive field measurements (McMullin et al., 
2011; Nelson et al., 2013). Consequently, lichen volume has often been 
used as a proxy for biomass, enabling spatially explicit mapping using 
remotely sensed data (Falldorf et al., 2014; Greuel et al., 2021). Falldorf 
et al. (2014) developed the Lichen Volume Estimator (LVE) using 
Landsat Thematic Mapper (TM) images and successfully estimated 
lichen volume on the Hardangervidda plateau, Norway. Their estimator 
is based on two Landsat-derived indices—the Normalized Difference 
Lichen Index (NDLI; Nordberg, 1998) and the Normalized Difference 
Moisture Index (NDMI; Wilson & Sader, 2002)—which exploit contrasts 
between near-infrared (Band 4) and shortwave-infrared (Band 5) 
reflectance. These contrasts are effective because lichens exhibit lower 
near-infrared and higher shortwave-infrared reflectance than vascular 
vegetation, which is characterized by a strong near-infrared plateau 
associated with internal leaf structure (Ager & Milton, 1987; Petzold & 
Goward, 1988; Rees et al., 2004; Macander et al., 2020; Kuusinen et al., 
2020). Rickbeil et al. (2017b) subsequently applied the LVE across a 
700,000 km2 region of the Canadian Arctic and revealed notable 
changes in barren-ground caribou movement rates in response to lichen 
volume estimates, emphasizing its importance for caribou conservation. 
However, the method has only been applied in relatively homogeneous 
tundra landscapes (Falldorf et al., 2014; Rickbeil et al., 2017b), and its 
applicability to structurally complex or forested ecosystems remains 
untested.

Creating accurate lichen distribution maps remains a significant 
challenge due to the difficulty of consistently linking remotely sensed 
spectral reflectance to lichen cover, volume, or biomass (Nelson et al., 
2013; Falldorf et al., 2014; Rickbeil et al., 2017b). Terricolous lichens 
typically occur in small, discontinuous mats and share spectral simi
larities with mosses, shrubs, and other low-lying vegetation, compli
cating their detection using satellite imagery (Petzold & Goward, 1988; 
Nelson et al., 2013; Macander et al., 2020). These challenges are com
pounded by variability across landscape types, as predictive models 
often perform inconsistently when transferred beyond their calibration 
environments (Nelson et al., 2013; Fraser et al., 2022; Macander et al., 
2020). Mapping lichens in structurally complex boreal forests, such as 
those in Newfoundland, presents further difficulties because ground li
chens are frequently obscured by dense canopy cover and shadows, 
limiting their detectability from remotely sensed data (Fraser et al., 
2022). Additionally, landscape heterogeneity reduces the effectiveness 
of generalized models developed for more homogeneous tundra regions. 
For example, Macander et al. (2020) demonstrated that lichen models 
commonly overpredict in low-cover areas and underpredict in high- 
cover zones, particularly where lichen appears patchy or is hidden by 
canopy or shadow. Together, these limitations restrict the utility of 
coarse-resolution satellite models in forested ecosystems and highlight 
the need for more tailored, habitat-specific approaches that explicitly 

account for how different environments influence ground lichen 
availability—an aspect that has not yet been studied in detail in boreal 
forests.

Our objective was to produce accurate, spatially explicit lichen vol
ume maps using open-access satellite data, tailored to the structurally 
diverse habitats of Newfoundland, Canada. To achieve this, we used the 
Best Available Pixel (BAP) Landsat composites from 1984 to 2022, 
which provide temporally consistent, cloud-free annual observations 
ideal for long-term monitoring (White et al., 2014). By integrating these 
composites with annual vegetation classifications, we aimed to capture 
how lichen availability varies across habitat types and through time. 
Rather than applying a single estimator across all environments likely to 
support ground lichen in Newfoundland, we developed a stratified 
modeling framework that reflects the ecological and structural vari
ability within each vegetation class. We focused on the ranges of two 
boreal caribou herds—Gros Morne and Gaff Topsails—as representative 
areas for assessing lichen availability and habitat conditions across 
Newfoundland’s boreal ecosystems, each shaped by distinct disturbance 
histories and vegetation structures.

2. Materials and methods

2.1. Study area and herd selection

Newfoundland is a 106,000 km2 island off eastern Canada, home to 
approximately 30,000 boreal caribou distributed across 14 recognized 
subpopulations (Fisheries, Forestry and Agriculture, 2021; Mahoney 
et al., 2016). The island’s cool maritime climate, shaped by the cold 
Labrador Current and the Gulf Stream, supports boreal forests where 
95% of the total wood volume consists of balsam fir (Abies balsamea (L.) 
Mill), black spruce (Picea mariana (Mill.) B.S.P.), and white birch (Betula 
papyrifera Marsh.) (Meades & Roberts, 1992). These forests are part of 
the Boreal Shield ecozone, which spans across North America and covers 
approximately 552 million hectares (Arsenault et al., 2016; Matasci 
et al., 2018). Harvesting activities on the island have historically tar
geted mature conifer stands for pulp and paper production, primarily 
through clear-cutting since the 1920s (Mahoney & Virgl, 2003).

To assess the effects of forest harvesting on caribou habitat and 
lichen availability, we selected two study herds with comparable vege
tation composition but contrasting disturbance histories. The Gros 
Morne herd occupies a largely intact landscape within Gros Morne Na
tional Park (northwestern polygon, Fig. 2). Its range lies mostly in the 
Long Range Barrens ecoregion—an extension of the Appalachian Range 
characterized by elevations of 600–700 m, wet boreal forest, and alpine 
heath (Manson et al., 2020; Meades, 2008)—and slightly overlaps the 
Northern Peninsula and Western Newfoundland forest ecoregions, all 
dominated by balsam fir (Meades, 2008). In contrast, the Gaff Topsails 
herd also inhabits a high plateau within the Long Range Barrens ecor
egion, but in an area that has experienced extensive forest harvesting 
(southwestern polygon, Fig. 2). The landscape within this herd range is 
dominated by bogs, fens, and shrub barrens, with remnant patches of 
black spruce and balsam fir in sheltered valleys (Damman, 1983).

2.2. Modeling framework

2.2.1. Data acquisition

2.2.1.1. Landsat data and derived products. Landsat Best Available Pixel 
(BAP) composites (White et al., 2014) together with annual land cover 
maps from the National Terrestrial Ecosystem Monitoring System 
(NTEMS) (Hermosilla et al., 2018, 2022), from 1984 to 2022, served as 
the primary inputs for spectral and vegetation characterization across 
the study area.

The BAP approach generates annual cloud-free surface reflectance 
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Fig. 1. Modeling framework for lichen volume estimation using field data, Landsat Best Available Pixel (BAP) composites, and National Terrestrial Ecosystem 
Monitoring System (NTEMS) land cover maps (1984–2022; see Sections 2.2.1–2.2.3 for details).
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composites at 30 m resolution by selecting the highest-scoring pixel 
from candidate Landsat-4, -5, -7, and -8 observations acquired between 
1 July and 30 August, a period aligned with peak vegetation growth 
across Canadian forests (McKenney et al., 2006; White et al., 2014). 
Candidate scenes are retrieved from the USGS archive as Level-1 
Terrain-Corrected (L1T) products and subsequently atmospherically 
corrected to surface reflectance prior to compositing (White et al., 
2014). Pixel scoring functions rank candidate observations based on 
the acquisition sensor (i.e., penalizing Landsat 7 scenes due to the Scan 
Line Corrector (SLC) failure), target date, cloud/shadow proximity, and 
atmospheric opacity; the highest-scoring observation is then selected for 
each pixel location in the annual composite (Hermosilla et al., 2015; 
White et al., 2014).

NTEMS produces high-resolution (30 m) annual land cover maps of 
Canada’s forested ecosystems from 1984 to 2022, using a combination 
of Landsat-based BAP composites, forest disturbance information, and 
ancillary data such as topography and hydrology (Hermosilla et al., 
2018, 2022). Each NTEMS map distinguishes twelve primary land-cover 
classes representing forested and non-forested ecosystems: coniferous, 
broadleaf, mixedwood and wetland-treed forests; wetland; shrubs 
(hereafter referred to as shrubland in the text); herb; bryoid; exposed/ 
barren land; rock/rubble; water; and snow/ice.

2.2.1.2. Field sampling. We initially applied the Lichen Volume Esti
mator (Falldorf et al., 2014) to the 2021 BAP composite—the most 
recent cloud-free imagery prior to fieldwork—to guide site selection. 
Although sampling occurred in August 2023, the slow growth rate of 
lichens (Nash, 2008) and the absence of intervening disturbances sup
ported the use of 2021 imagery.

The LVE relies on two Landsat-derived spectral indices, NDLI and 
NDMI, which were computed from Landsat surface reflectance as fol
lows: 

NDLI =
SWIR1 − NIR
SWIR1 + NIR 

NDMI =
NIR − SWIR1

NIR + SWIR1 

where NIR corresponds to Landsat TM Band 4 and SWIR1 to Band 5.
The LVE combines the NDLI and the NDMI within a two-dimensional 

Gaussian function: 

LVE(NDLI,NDMI) = a × e
− 0.5×

((
NDLI− NDLImean

b

)2

+

(
NDMI− NDMImean

c

)2 )

where NDLImean and NDMImean are the mean values of the NDLI and 
NDMI respectively, and a, b and c are the normal distribution parame
ters. The LVE was used as an exploratory tool to identify potential 
lichen-rich areas but was applied only to land cover types classified by 
the NTEMS land cover classification data (Hermosilla et al., 2018, 2022) 
as likely to support ground lichen, i.e. coniferous forests, mixed woods, 
wetlands, shrublands, and barrens.

However, field observations revealed that the LVE often under
estimated lichen in closed-canopy areas, where satellite imagery fails to 
detect ground cover, and overestimated it in open barren land and some 
wetlands due to surface reflectance from disturbances such as roads, 
cutblocks, or exposed rock. To address these limitations, we visually 
interpreted high-resolution satellite imagery (Google Earth) to identify 
additional candidate plots with visible lichen cover across the same five 
NTEMS-defined vegetation types. This combined approach ensured that 
our sampling design captured the full gradient of lichen abundance 
across all relevant land cover classes.

A total of 66 field sites were sampled during August 2023 (Appendix 
A, Table A1), all randomly distributed within the 97% Minimum Convex 
Polygon (MCP) constructed from GPS collar data provided by Natural 
Resources Canada (NRCan) (Fig. 2). The MCPs were derived from GPS- 
collar telemetry for 23 adult Gros Morne caribou (2011–2018) and 35 
Gaff Topsails caribou (2005–2018), with locations recorded at ~2-hour 
intervals across all major caribou seasons. The use of a 97% 
MCP—rather than the more conservative 95%—allowed us to include 
areas reflecting occasional movements by the Gaff Topsails caribou 

Fig. 2. Land cover classification from the National Terrestrial Ecosystem Monitoring System (NTEMS) dataset, with sampled sites (yellow points; n = 66) distributed 
within the Gros Morne (northwest) and Gaff Topsails (southeast) 97% Minimum Convex Polygons (MCPs). Roads are shown to indicate accessibility, as all sampled 
plots were located within 50–300 m of a road. The black outline delineates the study area over which lichen volume models were applied. Insets (right) show the 
location of this study area within North America (top) and within the island of Newfoundland (bottom).

C. Beaulieu et al.                                                                                                                                                                                                                                International Journal of Applied Earth Observation and Geoinformation 152 (2026) 105444 

4 



herd, while maintaining logistical feasibility for the field crew. All 
sampled plots were located within 50 to 300 m of a road to ensure 
accessibility. Due to discrepancies between mapped and observed 
vegetation types, or limited accessibility (particularly in barren lands), 
some vegetation types included fewer than five sampled sites per region.

At each sampled site, a 500 m2 circular plot (radius ≈ 12.6 m) was 
established, within which 11 microplots were arranged along a central 
north–south transect and two parallel transects located 6 m to the east 
and west, with microplots spaced 5 m apart along each transect 
(Appendix B, Fig. B1). Microplots consisted of 50 × 50 cm polyvinyl 
chloride (PVC) quadrats, visually divided into four sections to aid cover 
estimation. Lichen height was measured to the nearest centimeter at the 
approximate center of each microplot, and cover was visually estimated 
in 10% increments. If no lichen was present in the plot, only the central 
microplot was assessed. Lichen volume (dm3/m2) was calculated as: 

LichenVolume(
dm3

m2 ) =
Lichenheight(dm)xplotarea

(
dm2)xLichencover(%)

plotarea(m2)

where lichen height is converted to decimeters, and the plot area refers 
to that of the microplot (0.25 m2 or 25 dm2). Microplot locations were 
recorded using a high-precision Trimble R2 GPS unit, enabling post hoc 
verification of satellite-derived vegetation types and lichen categories. 
Basic forest characteristics were also recorded at each site for five 
merchantable trees and noting their species and canopy dominance class 
(dominant, co-dominant, or intermediate) to verify vegetation type 
classifications derived from the NTEMS land cover data. In addition, a 
standardized photo set (downward and cardinal orientations) was 
collected for quality assurance. These field measurements served as the 
basis for subsequent model development (Section 2.2.2).

2.2.2. Modeling
The 66 sampled field sites were used as training data to develop 

predictive models of lichen volume. For each site, lichen volume (dm3 

m− 2) was derived from microplot measurements: when lichen was 
present, volume values from the 11 microplots were averaged, whereas 
plots without lichen contained only a single assessed microplot. This 
aggregation to the plot scale ensured consistency with the 30 m spatial 
resolution of Landsat imagery, for which only one reflectance value is 
available per plot. Reflectance values from all Landsat bands were 
extracted at each plot centroid from the 2021 BAP composite, and a suite 
of vegetation indices commonly used to characterize greenness, mois
ture, and disturbance were computed from these reflectance values.

To account for structural and spectral differences across land cover 
types—because distinct cover types exhibit different canopy structures 
and spectral responses that influence the detectability of ground 
lichens— we developed separate models for coniferous forests, wet
lands, and open lands (i.e. barren land and shrubland), as defined by the 
NTEMS land cover classification (Hermosilla et al., 2018, 2022; see 
Section 2.3.1). Exploratory plots suggested that barren and shrubland 
sites may respond differently to moisture-sensitive indices such as 
NDWI, with lichen volume showing opposite tendencies between the 
two cover types (Appendix C, Fig. C5). To accommodate these potential 
differences while avoiding overfitting, and given their similar ecological 
structure (short vegetation and minimal canopy cover), we modeled 
barren and shrubland sites jointly, including vegetation type as an 
interaction term with the spectral predictors. Mixed wood forests were 
excluded from model development because field data confirmed the 
near absence of terrestrial lichens in those areas; accordingly, these 
pixels were assigned a lichen volume of zero during spatial prediction.

For each class, lichen volume was modeled using zero-inflated 
gamma models (ziGamma) implemented in the glmmTMB package 
(Brooks et al., 2017) in R version 4.4.2 (R Core Team, 2024), an 
approach well suited to datasets with a high frequency of zeros. A binary 
variable distinguishing zero from non-zero lichen volume was created to 
support the zero-inflation component. Multiple models were fitted and 

compared using ecologically relevant spectral predictors derived from 
the 2021 Landsat BAP composite—the closest cloud-free imagery to the 
2023 field data at the time this part of the analysis was performed.

Predictor variables were first screened using exploratory scatterplots 
to identify spectral variables showing potential relationships with 
observed lichen volume, and correlation matrices to identify redundant 
predictors and avoid multicollinearity among spectral bands and vege
tation indices (Appendix C). This screening step was used to define a 
subset of predictors for model development. Variables showing a plau
sible relationship with lichen volume were retained for model devel
opment, while predictors that were correlated were not included 
together within the same candidate model to limit multicollinearity. 
Using this subset of predictors, candidate models were developed for 
each vegetation class using combinations of surface reflectance bands 
(blue, green, red, SWIR1: Short-Wave Infrared Band 1) and vegetation 
indices representing greenness (NDVI: Normalized Difference Vegeta
tion Index), moisture conditions (NDWI: Normalized Difference Water 
Index; TCW: Tasseled Cap Wetness), substrate brightness (TCB: Tasseled 
Cap Brightness), and disturbance or dryness (NBR: Normalized Burn 
Ratio) (Appendix D, Table D1).

Model selection was conducted using a sequential procedure. Spe
cifically, (i) residual diagnostics were first assessed for all candidate 
models using the DHARMa package (Hartig, 2024), and models showing 
clear violations of model assumptions (e.g., strong deviations in QQ- 
plots, dispersion issues, or outliers) were excluded; (ii) the remaining 
models were then ranked using Akaike Information Criterion corrected 
for small sample size (AICc), and the three models with the lowest AICc 
values were retained; (iii) among these models, predictive performance 
was evaluated using root mean square error (RMSE) and prediction bias 
(mean signed prediction error), and models minimizing both metrics 
were preferred. Finally, Pseudo-R2 was used as a complementary indi
cator of model fit. Models showing poor predictive performance (e.g., 
low pseudo-R2 or inconsistent fit relative to observed data) were not 
retained, even when supported by AICc or residual diagnostics. Due to 
the limited number of field observations and the high correlation among 
several spectral bands, we opted for relatively simple zero-inflated 
Gamma models for each vegetation type (Table 1).

2.2.3. Model application
Annual lichen volume predictions were generated across the study 

area by applying the selected models to the full time series of Landsat 
Best Available Pixel (BAP) composites from 1984 to 2022 (White et al., 
2014). The models were calibrated using the 2021 BAP composite, while 
the 2022 composite became available prior to the model application step 
and was therefore included in the prediction time series. For each year, 
the corresponding NTEMS land cover map was used to assign pixels to 
one of the three vegetation types (coniferous forests, wetlands, or open 
lands). The appropriate model was then applied to each pixel within its 
class, generating annual predictions of lichen volume at 30 m resolution 
across the study area. Model outputs were subsequently summarized 
and interpreted within the 97% Minimum Convex Polygons (MCPs) 
encompassing the Gros Morne and Gaff Topsails caribou herds.

To smooth interannual variability, account for residual cloud-related 
artefacts, and highlight long-term dynamics, a 7-year moving average 
was applied to the annual predictions. We tested several window sizes: 
shorter windows (3–5 years) retained visible artefacts, whereas longer 
windows (10 years) over-smoothed the data and masked ecological 
trends.

In addition, predicted lichen volume (dm3 m− 2) was converted to 
biomass (kg ha− 1) to facilitate comparison with thresholds relevant to 
caribou winter forage. Bulk density was derived by combining 
Newfoundland lichen mat height measurements (0–14 cm, mean 3.8 
cm) with published ground-lichen biomass values from boreal and 
coniferous forests (90–850 g m− 2; Edmonds & Bloomfield, 1984; Scotter, 
1965; Arseneault et al., 1997; McMullin et al., 2011; Väre et al., 1996). 
Dividing these biomass values by mean mat height yielded a bulk- 
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density range of ca. 2.4–22.4 kg m− 3, which was multiplied by modeled 
volume to obtain biomass equivalents.

Finally, to better understand the drivers of temporal change, we 
examined how spatial and temporal patterns of predicted lichen volume 
related to vegetation structure and disturbance history. Specifically, we 
evaluated (i) how mean lichen volume changed over time within each 
vegetation type, (ii) how total lichen volume, calculated as the sum of all 
lichen volume values across all pixels and vegetation types and 
normalized by herd range area, changed over time, and (iii) whether 
areas exhibiting long-term volume loss corresponded to mapped dis
turbances. For the latter, we identified pixels experiencing net lichen 
volume loss between the first (1984–1988) and last (2018–2022) five- 
year periods of the time series and linked these pixels to disturbance 
attributes from the NTEMS change-type and change-year datasets. These 
datasets identify disturbance events annually using Landsat time-series 
through the Composite2Change (C2C) algorithm (White et al., 2017). 
The C2C framework produces annual, gap-free 30 m surface reflectance 
composites through best-available-pixel selection, cloud/shadow 
masking, temporal noise removal, and breakpoint detection (Hermosilla 
et al., 2015; Hermosilla et al., 2016). Disturbance events are classified in 
the NTEMS disturbance layer as wildfire, harvesting, road, or 
non–stand-replacing change (e.g., insects, disease, water stress). For our 
analyses, road and non–stand-replacing changes were grouped into a 
single “others” disturbance category to distinguish them from the major 
stand-replacing disturbances—fire and harvesting— which are the 
dominant drivers of land cover change in Newfoundland.

3. Results

The final zero-inflated gamma models selected for each vegetation 
class captured the key spectral–lichen relationships while remaining 
simple and interpretable, as reflected by model performance metrics 
including pseudo-R2, RMSE, and bias (Table 1).

For open lands, the chosen model, Open2, included NDWI and its 
interaction with vegetation subtype, with NDWI predicting zero infla
tion. This model achieved the best overall fit (pseudo-R2 = 0.75; RMSE 
= 2.5 dm3/m2; bias = –1.0 dm3/m2), outperforming the similar candi
date model Open3. Although Open1 had the lowest AICc, it showed poor 
predictive performance, with a negative pseudo-R2 and substantially 
higher RMSE and bias. Consequently, Open2 was retained as the most 
reliable model for predicting lichen volume in open lands.

In wetlands, model Wet1 provided the best combination of fit and 
parsimony, using green reflectance in the conditional component and 
TCW and green in the zero-inflation component (pseudo-R2 = 0.63; 
RMSE = 11.36 dm3/m2; bias = –0.08 dm3/m2). Adding predictors in 
Wet2 and Wet3 did not improve performance.

For coniferous forests, Conf1, which relied on green reflectance 
conditionally and SWIR1 for zero inflation, showed the lowest AICc and 
best fit (pseudo-R2 = 0.91, RMSE = 6.42 dm3 m− 2, bias = 0.32 dm3 m− 2) 
and outperformed Conf2 and Conf3.

Across open lands (shrublands and barrens), wetlands, and 

coniferous forests, the models generally captured the expected trends 
between spectral indices and lichen volume, with predicted values 
closely matching observations (Fig. 3). In open lands, predicted lichen 
volume exhibited a vegetation-specific curved response to NDWI: in 
shrublands (filled points), values remained near zero at low NDWI and 
began increasing only at intermediate values (~–0.70 to –0.67), 
whereas in barrens (hollow points) volume peaked beyond –0.67 and 
declined toward –0.60. In wetlands and coniferous forests, both pre
dicted and observed lichen volume remained near zero at low green 
reflectance and then increased approximately linearly at higher values. 
Moisture-sensitive indices (TCW for wetlands; SWIR1 for conifers) were 
included in the zero-inflation component. When pooled across vegeta
tion types, model agreement with observations was strong (pseudo-R2 =

0.77, RMSE = 8.58 dm3 m− 2, bias = –0.22 dm3 m− 2), indicating 
consistent lichen–reflectance relationships across habitat types.

The modeling framework generated annual lichen volume maps at 
30-m resolution for each vegetation type from 1984 to 2022 (see 
Appendix E, Fig. E1, for the 2022 map). Predicted volume ranged from 
0 to ~120 dm3 m− 2, but most of the landscape supported low values: 
95% of pixels were ≤21.2 dm3 m− 2, indicating that high-volume lichen 
patches are relatively rare yet widespread. Near-zero values were 
common—particularly in open lands and recently disturbed 
areas—where more than half of pixels were close to zero. When con
verted to biomass using the density estimate range (Section 2.2.3), the 
95th percentile volume (21.2 dm3/m2) corresponds to ca 510–4700 
kg⋅ha− 1. Using the midpoint of this density range (~12 kg m− 3) provides 
a representative estimate of ~2540 kg ha− 1.

Mean lichen volume was consistently highest in coniferous forests, 
ranging between approximately 5.6 and 9.0 dm3 per m2 throughout the 
study period (Fig. 4). In contrast, wetlands and open lands supported 
much lower volumes, ranging between 1.0–1.3 dm3 m− 2 and 0.4–0.9 
dm3 m− 2, respectively. While lichen volume remained relatively stable 
in wetlands and open lands throughout the time series, coniferous for
ests showed a general upward trend following an initial period of decline 
from 1987 to 1993.

As shown in Fig. 5, total lichen volume increased in both regions over 
the study period. In Gros Morne, the increase was more pronounced, 
particularly after the early 1990s following a period of decline between 
1984 and 1993. The Gaff Topsails region exhibited a similar trajectory, 
but with a slower and more gradual recovery.

While some correspondence was observed between disturbance lo
cations and areas of lichen volume loss, the relationship was not sys
tematic. In Gaff Topsails, disturbances—primarily harvesting and 
fires—were more numerous and widespread, and overall volume gains 
were present but were less substantial compared to Gros Morne. The 
latter showed a general increasing trend in lichen volume across the 
study period (Fig. 5); however, Fig. 6 reveals the presence of localized 
declines. These declines were most pronounced outside the national 
park boundary, where a greater number of pixels exhibited net loss 
(red), particularly in the southwestern portion of the Gros Morne herd 
affected by past harvesting; no harvesting takes place within the park.

Table 1 
Candidate zero-inflated Gamma models for each vegetation type, with conditional formulas modelling positive lichen volume and zero-inflation formulas modelling 
structural zeros. Model performance was compared using the Akaike Information Criterion (AICc), pseudo-R2, root mean square error (RMSE), and mean prediction 
bias. Bold rows indicate the selected model for each vegetation type.

Vegetation type Model name Conditional formula Zero-inflation formula AICc Pseudo R2 RMSE (dm3/m2) Bias (dm3/m2)

Open Lands Open1 Volume_mean ~ NDVI ~ blue 54.53 − 4.20 11.51 6.36
Open2 Volume_mean ~ NDWI * vegtype ~ NDWI 57.64 0.75 2.50 ¡1.00
Open3 Volume_mean ~ NDWI * vegtype ~ blue 58.66 0.74 2.56 − 1.04

Wetlands Wet1 Volume_mean ~ green ~ TCW þ green 163.14 0.63 11.36 ¡0.08
Wet2 Volume_mean ~ green + TCW ~ NBR + green 165.01 0.54 12.72 0.50
Wet3 Volume_mean ~ green + NBR ~ TCW + green 165.38 0.63 11.33 0.18

Coniferous Conf1 Volume_mean ~ green ~ swir1 69.86 0.91 6.42 0.32
Conf2 Volume_mean ~ TCB ~ swir1 70.37 0.84 8.66 0.51
Conf3 Volume_mean ~ red + nir ~ swir1 99.09 0.59 13.75 2.4
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Fig. 3. Predicted (in blue) vs. observed (in red) lichen volume for each vegetation class in Newfoundland, Canada, based on the 66 field plots used for model 
calibration. Dashed red line shows the trend of observed lichen volume, added for visual comparison with model predictions (solid blue line). In the barren land and 
shrubland plot, hollow symbols represent barren sites and filled symbols represent shrublands. Small plots positioned above and to the right of each plot show 
predicted versus observed values of lichen volume for the same vegetation class as the panel directly below, with dashed 1:1 lines and R2 values.

Fig. 4. Seven-year moving average of mean lichen volume (dm3) per m2 across three vegetation types: coniferous forests, wetlands, and open lands in our study area. 
The lines represent smoothed trends over time, where each point reflects the average lichen volume across a centered seven-year period and where each color 
represents a vegetation type.
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Some years showed substantial lichen volume loss without a clear 
link to mapped disturbances (Fig. 6), as the spatial distribution of these 
losses did not clearly overlap with disturbance events. In the Gaff Top
sails region, 15.5% of pixels exhibiting net lichen volume loss were 
directly associated with mapped disturbances, whereas this proportion 
was 8.9% in Gros Morne. When considering pixels located within 500 m 
of a disturbance —a distance consistent with the buffering approach 
used in boreal caribou disturbance assessments (Environment Canada, 
2011)—this proportion increased to 58.9% in Gaff Topsails and 45.4% 
in Gros Morne, indicating that a substantial portion of lichen loss occurs 
in areas surrounding mapped disturbance pixels rather than within the 
disturbed pixels themselves.

Fig. 7 summarizes the disturbance types associated with pixels that 
showed net lichen loss over the study period. This analysis revealed that, 
while an early fire event in 1986 accounted for much of the initial loss in 
Gaff Topsails, harvesting increasingly became the dominant disturbance 
linked to lichen volume losses in more recent decades. In Gros Morne, 
where fire is rare, losses were more spatially localized and less 

systematically connected to mapped disturbance events. Since 2010, 
harvesting has emerged as the main disturbance associated with lichen 
volume loss in both regions, though in Gros Morne such activity occurs 
exclusively outside the park boundary, where harvesting is permitted 
(Fig. 6b).

4. Discussion

Our results demonstrate that vegetation-stratified models can reli
ably generate accurate, spatially explicit, long-term estimates of 
terrestrial lichen volume across Newfoundland’s heterogeneous habitat 
types. Beyond producing four decades of high-resolution maps, the 
modelled time series reveals important ecological patterns: lichen vol
ume generally increased after the early 1990s despite relatively high 
disturbance rates, with evidence of both localized declines and gains, 
but an overall positive balance. It also highlights contrasting regional 
dynamics between Gros Morne and Gaff Topsails, as well as the complex 
relationships between disturbance history and changes in lichen 

Fig. 5. Seven-year moving average of total lichen volume (dm3 per km2) for the Gros Morne (GM, red) and Gaff Topsails (GT, blue) caribou herd ranges. Annual 
lichen volume was summed across all 30-m pixels and divided by each region’s area (km2), yielding a region-normalized measure of total lichen availability.

Fig. 6. (a) Net lichen volume change (dm3/m2) between 1984–1988 and 2018–2022 in our study area, where blue indicates gains and red indicates losses. (b) Spatial 
distribution of disturbances from the NTEMS change-type dataset (1984–2022), classified as fire, harvesting, and other disturbances (i.e. roads and non–stand- 
replacing changes such as insects, disease, or water stress). The 97% Minimum Convex Polygon (MCP) boundaries of the Gaff Topsails and Gros Morne caribou 
herd ranges are shown in black and grey, respectively; Gros Morne National Park is outlined in green.
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volume. By providing continuous spatial estimates of lichen volume—a 
proxy for winter forage abundance—this work fills a key data gap for 
caribou habitat assessment and supports evidence-based conservation 
planning.

Model selection

The use of separate models for each vegetation class—coniferous 
forests, wetlands, and open lands—allowed us to capture distinct re
lationships between spectral predictors and lichen volume (Fig. 3). In 
open lands, predicted lichen volume followed a non-linear relationship 
with NDWI, driven by an interaction with vegetation type. This pattern 
likely reflects the moisture preferences and substrate characteristics of 
the two vegetation types: barrens tend to be drier and rockier, offering 
limited substrate for lichen colonization, while shrublands provide more 
favorable conditions at intermediate moisture levels. At higher moisture 
levels, however, lichen volume declines, consistent with reduced surface 
stability, greater vascular-plant competition, and diminished light 
availability.

Predicted lichen volume increased approximately linearly with green 
reflectance in both wetlands and coniferous forests (Fig. 3). Although 
many terrestrial lichens, such as Cladonia alpestris, appear green and 
exhibit albedo values similar to low vegetation (Petzold & Rencz, 1975), 
their spectral reflectance differ fundamentally from vascular plants. Li
chens typically show higher reflectance across the visible spectrum, a 
relatively flat response in the green band, and a gradual increase from 
red to near-infrared wavelengths, lacking the pronounced chlorophyll- 
driven peak characteristic of vascular vegetation (Käyhkö & Pellikka, 
1994; Nordberg & Allard, 2002; Petzold & Goward, 1988; Rees et al., 
2004). This subdued green peak can be attributable to biochemical 
compounds such as usnic acid, a pale-yellow pigment common in several 
Cladonia species, whose surface crystals increase visible-wavelength 
reflectance and contributes to distinctive UV–blue absorption features 
(Ager & Milton, 1987; Petzold & Goward, 1988; Rees et al., 2004). While 
the green band (Landsat TM Band 2) is more commonly used within 
multispectral indices, such as the Tasseled Cap transformations (Crist & 
Cicone, 1984; Jackson & Huete, 1991), its strong contrast between pale 

lichen mats and surrounding vegetation or soil likely explains its effec
tiveness here. Consequently, higher green reflectance values in our data 
may correspond to lighter surfaces, such as exposed lichen mats or 
sparsely vegetated ground, which provide favorable conditions for 
terrestrial lichen growth.

Moreover, lichen absence was predicted through moisture-sensitive 
spectral variables included in the zero-inflation component of each 
vegetation-specific model: NDWI in open lands, TCW in wetlands, and 
SWIR1 in coniferous forests —reflecting moisture as a key ecological 
constraint on terrestrial lichen establishment. Through their poikilohy
dric nature, lichens require periodic hydration for photosynthesis and 
growth, yet persistently saturated conditions or dense, moist canopies 
create unfavorable environments for their establishment (Nash, 2008; 
Gauslaa, 2014). NDWI, calculated from near-infrared and green reflec
tance, is sensitive to soil and surface moisture through the contrasting 
spectral behavior of water and vegetation (McFeeters, 1996; Wang & 
Qu, 2007), allowing it to distinguish excessively dry substrates from 
more moderately moist conditions that can support lichens (Dennison 
et al., 2005). TCW, combining visible, near-infrared, and shortwave- 
infrared reflectance (Crist & Cicone, 1984), can capture vegetation 
and soil moisture as well as canopy structure (Cohen & Spies, 1992; 
Fiorella & Ripple, 1995). Similarly, SWIR1, sensitive to canopy water 
content, can help identify forested sites where high canopy wetness 
preclude the establishment of terrestrial lichen (Hunt et al., 2013).

Spatial and temporal trends in lichen volume

Our spatial predictions indicate that terrestrial lichens are wide
spread across Newfoundland but generally occur at low volume, with 
high-density patches being relatively rare. This scarcity likely reflects 
environmental constraints on lichen growth across much of the region, 
including substrate availability, moisture regimes, and disturbance 
history. In the Central Newfoundland ecoregion, for example, shallow 
and stony podzolic soils, poor drainage, and irregular terrain restrict 
suitable substrate for lichen establishment, while extensive peatlands 
further limit dry microsites (Woodrow & Heringa, 1987). In contrast, at 
higher elevations in the Long Range Barrens—where both study herds 

Fig. 7. Stacked bar chart showing the annual percentage of each herd region’s area where lichen volume loss was directly associated with mapped disturbances, for 
the Gaff Topsails (left) and Gros Morne (right) herd ranges. Percentages are calculated relative to the total number of pixels within each herd range. Colors 
correspond to disturbance categories: fire (red), harvesting (goldenrod), and other (blue), consistent with the classification used in Fig. 6. Values are calculated only 
for pixels that exhibited net loss between the first (1984–1988) and last (2018–2022) periods of the time series.
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occur—thin soils, strong winds, cool temperatures, and widespread 
heath- and moss-dominated barrens also limit lichen productivity and 
promote patchy cover (Woodrow & Heringa, 1987). Together, these 
factors help explain the predominance of low lichen volumes across the 
study area.

Temporal trends differed among vegetation types (Fig. 4). Wetlands 
and open lands (barrens and shrublands) showed little long-term 
change, and low or near-zero volumes were common in open lands, 
despite these habitat types typically supporting lichen communities. 
This pattern underscores lichens' sensitivity to habitat alteration and 
their exceptionally slow recovery, which can require decades to cen
turies after disturbance (Jandt et al., 2008; McMullin et al., 2013). 
Coniferous forests, however, exhibited more dynamic trends, with a 
decline in the late 1980 s, followed by a sustained increase in volume 
(Fig. 4). Similar expansions of lichen-dominated areas have been re
ported in Quebec’s boreal forests following stand-replacing disturbance 
(Girard et al., 2007), suggesting that comparable processes may also 
occur in Newfoundland, although broader confirmation is needed.

At the landscape scale, total lichen volume per unit area has gener
ally increased over time, particularly in Gros Morne (Fig. 5). This region 
showed a marked recovery after the early 1990s, whereas Gaff Topsails 
experienced a slower, more gradual increase. These differences likely 
reflect contrasting disturbance regimes. Much of the Gros Morne herd 
range lies within the large protected area that is Gros Morne National 
Park, where harvesting is absent and other anthropogenic or non-stand 
replacing disturbances are minimal. The lack of recent large-scale dis
turbances may have enabled lichen communities in this region to 
recover more rapidly and maintain higher volumes over time compared 
to the Gaff Topsails, where industrial activities and habitat alterations 
have been more prevalent. This interpretation is consistent with spatial 
disturbance patterns, as most harvesting occurred outside the park 
boundary (Fig. 6b).

Relationship between disturbance and lichen loss

The contrasting recovery trajectories between Gros Morne and the 
Gaff Topsails (Fig. 5) can be further interpreted through their distur
bance histories (Figs. 6 and 7). Despite covering a larger area, Gaff 
Topsails contains a greater proportion of disturbed land, indicating 
higher disturbance pressure than Gros Morne. Disturbances in Gaff 
Topsails are more spatially widespread, and the 1986 fire—although 
limited in extent—was a major stand-replacing event that likely 
caused substantial local reductions in lichen volume. Such large dis
turbances, including both fire and harvesting, can have persistent effects 
on lichen communities, as recovery often spans decades even after 
recolonization begins (Jandt et al., 2008; Sirois & Payette, 1989). In 
Gros Morne, disturbances were generally small and confined to areas 
outside the park interior, resulting in limited effects on lichen commu
nities. Given their limited extent, these disturbances may remove only 
small patches or create microhabitats favorable for recolonization, 
allowing lichen volume to remain stable or increase over time (McMullin 
et al., 2019). By contrast, the broader extent and intensity of disturbance 
in Gaff Topsails—particularly the 1986 fire and subsequent 
harvesting—appear to have constrained lichen recovery in that region 
(Fig. 7).

Implications for caribou conservation

The regional contrasts we observed, together with the limited extent 
of high-volume lichen patches, have important implications for boreal 
caribou, which rely heavily on terrestrial lichens during winter. The 
biomass level of ~3000 kg⋅ha− 1, reported in several studies as charac
teristic of stands that caribou preferentially select during winter (Joly 
et al., 2010; Silva et al., 2019), provides a useful benchmark for inter
preting our results. Our 2022 predictions indicate that most (over 95%) 
of the landscape supports lichen volumes that translate to biomass levels 

below this benchmark, suggesting that preferred winter foraging patches 
are relatively limited, spatially isolated, and concentrated primarily in 
mature coniferous stands. The ability of our models to identify these 
preferred winter foraging patches is therefore critical, as conserving 
them will be essential for maintaining adequate winter habitat and 
supporting ongoing caribou recovery efforts.

Limitations

A key limitation of this study is the absence of an independent 
validation dataset. Although a conventional approach would be to 
reserve 20% of field plots for validation, this was not feasible given our 
limited sample size and the need to fit separate models for each vege
tation type. Several classes contained few field sites (e.g., four barren 
land plots, nine mixed wood plots), and withholding even a small frac
tion would have left insufficient data to estimate model parameters 
reliably. Using the full dataset preserved the ecological and spectral 
variability necessary for stable model calibration, but it also means that 
predictive performance beyond the sampled sites remains uncertain.

Transferability represents another limitation. While predicted lichen 
volumes were reliable within our study area, caution is warranted when 
applying the models elsewhere, as differences in vegetation composi
tion, lichen mat height, and ground cover can alter spectral–lichen re
lationships. Future work should therefore prioritize independent field 
validation and evaluate how predicted lichen volumes relate to caribou 
habitat selection and movement patterns. Since caribou tend to select 
areas with greater lichen availability (Joly et al., 2010; Rickbeil et al., 
2017b), testing this relationship would provide an ecologically mean
ingful form of indirect validation of the models and help identify the 
patches most critical for conservation.

5. Conclusion

This study provides the first spatially explicit estimates of ground- 
lichen volume in Newfoundland and demonstrates the effectiveness of 
a habitat-stratified modeling approach for capturing spatial and tem
poral variability in lichen availability. By producing spatially explicit 
maps spanning nearly four decades, our work provides a foundational 
understanding of the spatial and temporal variability of lichen volume 
across Newfoundland and identifies where higher-volume patches tend 
to occur. The resulting maps offer practical value for conservation 
planning by highlighting areas where preferred winter foraging condi
tions are most likely to be sustained. Although additional validation will 
be required to refine predictive accuracy and assess transferability 
beyond the sampled sites, the framework developed here provides a 
foundation for linking lichen dynamics with caribou habitat selection, 
tracking ecological change, and guiding conservation planning within 
Newfoundland.
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Appendix A. . Summary of field sampling sites

.

Table A1 
Number of sampled field sites by vegetation type and study region. Each site 
corresponds to one 500 m2 plot.

Vegetation Type Number of sites

Gros Morne Gaff Topsails

Barren Land 1 3
Shrubs 6 5
Wetland 11 16
Coniferous 8 7
Mixed Wood 5 4
Total 31 35

Appendix B. . Field sampling plot design

Fig. B1. Configuration of the 11 lichen microplots within the 500 m2 circular sampling plot used in field surveys.
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Appendix C. . Exploratory scatterplots and correlation plots

Fig. C.1. Exploratory scatterplots showing the relationship between observed lichen volume and candidate spectral predictors (scaled reflectance values of bands 
and vegetation indices) for wetland sites. These plots informed the visual screening of predictors used in model selection. Note: The abbreviations used in include 
spectral bands (blue, green, red, nir, swir1, swir2) and indices: NBR (Normalized Burn Ratio), NDLI (Normalized Difference Lichen Index), NDMI (Normalized 
Difference Moisture Index), NDMIm and NDLIm (global mean values of NDMI and NDLI), NDVI (Normalized Difference Vegetation Index), NDWI (Normalized 
Difference Water Index), (Normalized Burn Ratio), TCB (Tasseled Cap Brightness), and TCW (Tasseled Cap Wetness).

Fig. C.2. Pearson correlation matrix for candidate spectral predictors within wetland field sites, used to assess pairwise correlations and avoid collinearity in model 
selection. See for abbreviation definitions.
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Fig. C.3. Exploratory scatterplots showing the relationship between observed lichen volume and candidate spectral predictors (scaled reflectance values of bands 
and vegetation indices) for coniferous sites. These plots informed the visual screening of predictors used in model selection. See for abbreviation definitions.

Fig. C.4. Pearson correlation matrix for candidate spectral predictors within coniferous field sites, used to assess pairwise correlations and avoid collinearity in 
model selection. See for abbreviation definitions.
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Fig. C.5. Exploratory scatterplots showing the relationship between observed lichen volume and candidate spectral predictors (scaled reflectance values of bands 
and vegetation indices) for open land sites (shrubland and barren land). These plots informed the visual screening of predictors used in model selection. See for 
abbreviation definitions.

Fig. C.6. Pearson correlation matrix for candidate spectral predictors within open land field sites (shrubland and barren land), used to assess pairwise correlations 
and avoid collinearity in model selection. See for abbreviation definitions.
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Appendix D. . Spectral predictors used in model development

Variable Full name Formula Reference Description

Blue Blue band reflectance – – Surface reflectance
Green Green band reflectance – – Surface reflectance
Red Red band reflectance – – Surface reflectance
NIR Near infrared band reflectance – – Surface reflectance
SWIR1 Shortwave Infrared Band 1 

reflectance
– – Surface reflectance

NDVI Normalized Difference 
Vegetation Index

(NIR − Red) / (NIR + Red) Rouse et al., 1974 Vegetation productivity/ 
greenness

NDWI Normalized Difference Water 
Index

(Green − NIR) / (Green + NIR) McFeeters, 1996 Vegetation moisture

NBR Normalized Burn Ratio (NIR − SWIR2)/(NIR + SWIR2) Key & Benson, 
2006

Disturbance/burn severity/ 
dryness

TCB Tasseled Cap Brightness 0.3029* Blue + 0.2786* Green + 0.4733* Red + 0.5599* NIR − 0.508* 
SWIR1 − 0.1872* SWIR2

Baig et al., 2014 Soil/brightness

TCW Tasseled Cap Wetness 0.1509* Blue + 0.1973* Green + 0.3279* Red + 0.3406* NIR − 0.7112* 
SWIR1 − 0.4572* SWIR2

Crist & Cicone, 
1984

Vegetation moisture

Appendix E. . Spatial outputs of the lichen volume models

Fig. E.1. Predicted spatial distribution of lichen volume (dm3 m⁻2) for the final year of the time series (2022) within the study area. The map illustrates the output of 
the vegetation-stratified modeling framework, showing spatially explicit estimates of lichen volume across heterogeneous habitat types in Newfoundland.

Data availability

The field plot dataset and R scripts used for model development, 
spatial prediction, and time-series analysis are available in Zenodo: 
https://doi.org/10.5281/zenodo.19153577. Details on access to the 
Landsat products and other external spatial inputs used in the workflow 
are provided in the repository README.
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