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1t Posthumous.

Abstract: Cumulative effects of increased forest harvesting, mountain pine beetle (Dendroctonus pon-
derosae; MPB) outbreaks, and wildfire in low-elevation lodgepole pine (Pinus contorta) forests could
limit long-term winter habitat supply for the northern group of southern mountain caribou (Rangifer
tarandus). In a 17 year longitudinal study of vegetation remeasurements at eight sites in north-cen-
tral and west-central British Columbia (BC), we assessed responses of terrestrial caribou forage li-
chen abundances to nine forest harvesting treatments and one prescribed burn 8-14 years following
treatment, as well as to MPB attack. Overall, after initially declining following forest harvesting,
mean forage lichen abundance increased between 1 and 2 years post-harvest and 13 and 14 years
post-harvest at 10 of 11 site/treatment combinations. Mean forage lichen abundance decreased fol-
lowing MPB attack at all sites. Biophysical factors influencing rates of lichen recovery post-disturb-
ance include site type (transitional vs. edaphic), a reduction in favourable conditions for moss re-
covery, level of MPB attack, and both seasonal timing and method of forest harvesting. When con-
sidering effects of forest harvesting on forage lichens, objectives of silvicultural management strat-
egies should focus on protecting and retaining terrestrial lichens at edaphic sites and on re-estab-
lishing terrestrial lichens at transitional sites.

Keywords; lichen; caribou forage; Rangifer; natural disturbance; forest harvesting; prescribed burns;
mountain pine beetle (MPB); bryophyte; moss; feathermoss; site characteristics

1. Introduction

During winter, northern group caribou (Rangifer tarandus) in the threatened southern
mountain caribou population in Canada [1] use low-elevation lodgepole pine (Pinus con-
torta) forests, where they forage for terrestrial lichens. Preferred terrestrial caribou forage
lichens (Cladonia sp. [reindeer lichens and pixie lichens], Stereocaulon sp., Cetraria sp.;
henceforth forage lichens) are slow growing [2,3], susceptible to physical disturbance, and
can take decades to become abundant following disturbance [4]. They are poor competi-
tors against vascular plants and mosses, and therefore grow best where conditions are
unfavourable for vascular plant and moss growth [4,5]. Caribou consume these lichens as
a major component of their diet, particularly in winter [6]. Given the slow growth of li-
chens, losses due to natural or human-caused disturbances can create a dynamic mosaic
of lichen availability for caribou populations, with implications for habitat quality and
distribution for this species [7].

In forested habitats, forage lichens may be abundant during different stages of suc-
cession depending on site (soil, climatic) conditions [4,5]. Where edaphic and/or climatic
conditions allow, such as on xeric and/or low-productivity sites, terrestrial lichens persist
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in climax forests [4,8,9]; we characterize these as “edaphic” sites. In moister, more produc-
tive ecosystems, terrestrial lichens are eventually outcompeted by feathermosses or other
vegetation in later stages of succession [9-12]; we characterize these as “transitional” sites.
Edaphic sites have more open canopies, lower abundance and diversity of understorey
vegetation, and soils that allow better drainage than transitional sites. Because forest floor
vegetation dynamics differ between the two successional pathways [9,13], it is important
to distinguish between site characteristics (e.g., edaphic versus transitional lichen succes-
sional types) when assessing responses of forage lichens and other forest floor vegetation
to disturbance. Fire and forest insects are the two main large-scale natural disturbances
affecting forests in caribou ranges in central British Columbia (BC), while forest harvesting
is the primary anthropogenic disturbance [14]. Increased forest harvesting pressures and
long-term effects of the recent mountain pine beetle (Dendroctonus ponderosae; MPB) epi-
demic within southern mountain caribou winter ranges have led to concerns about habitat
supply and caribou population dynamics. Because forest harvesting methods in western
North America employ a variety of methods to attempt to minimize ground-level disturb-
ances (e.g., timing of harvest, differing site preparation intensities, and methods of remov-
ing felled trees), the interactions of canopy structure, presence and densities of ground-
level vegetation combined with site conditions pre- and post-harvest require longitudinal
studies in a variety of locations to better define forest practices minimizing long-term deg-
radation of terrestrial lichen abundances in managed forests.

Effects of disturbances appear multi-scaled in both space and time, which include:
coarse-grained regional disturbance effects (MPB outbreaks; wildfires); site-level pro-
cesses (determinants of overstory and understory structure); and fine-grained processes
(very localized interactions between plants) (Figure 1). The key driver influencing forage
lichen abundance is initial site condition, the effects of which are also mediated through
other ecosystem components. Disturbances affect forage lichens directly through physical
damage but also indirectly through changes to other ecosystem components (Figure 1)
[13]. Although all three disturbances initially kill lodgepole pine trees, they differ in their
impacts on other ecosystem components (Figure 1) [13]. Tree mortality leads to: changes
in microclimate; increased availability of site resources for surviving vegetation; and
changes in forest floor light levels initially after needle loss, and later following tree fall
[13].

In this project, we assess the response of forage lichens in caribou ranges in central
BC to two anthropogenic disturbances (forest harvesting, prescribed burning) and to one
natural disturbance (MPB). Overall, we ask: (1) What are the main characteristics of sites,
vegetation abundance pre-and post-disturbance, and disturbance type influencing forage
lichen dynamics? (2) How do these factors affect the post-disturbance abundance and re-
covery of forage lichens? (3) Which forest management practices potentially lead to over-
all best outcomes for future forage lichen abundance in the context of MPB outbreaks and
site characteristics? Our predictions were (1) that loss of pine forest canopy due to MPB
would lead to declines in forage lichen abundance through increases in understory and
ground-level vegetation; and (2) that forest harvest practices that attempt to retain ground
cover of lichens would lead to earlier post-disturbance recovery rates of lichens than those
that did not. Due to the influence of understory vegetation on lichen dynamics suggested
by other studies, we were particularly interested in assessing lichen post-disturbance re-
covery responses in the context of site conditions that constrain growth of understory veg-
etation after disturbance.
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Figure 1. Conceptual model of potential initial direct impacts of mountain pine beetles (MPB), fire
and forest harvesting on terrestrial lichens showing direct effects on these lichens, and indirect ef-
fects mediated through impacts on other ecosystem components (source: [13]).

2. Materials and Methods
2.1. Study Area

The study area is located within a set of regional caribou ranges in north-central BC,
and includes eight sampling sites (Figure 2). All eight sites are located in low-elevation
forests dominated by lodgepole pine, and are accessible by road.

Sites 1-3 lie in the moist cool (mk) and moist cold (mc) subzones of the Sub-Boreal
Spruce (SBS) biogeoclimatic (BEC) zone [15] (Site 1—98-Mile: SBSmk [16]; Site 2—Mala-
put: SBSmc [17]; and Site 3—Phillip Lakes: SBSmk [16]). Site 7 (Laidman Lake) is within
the moist cold subzone of the Sub-Boreal Pine Spruce zone (SBPSmc) [17], while Sites 8
(Jackfish Creek), 12 (South Discovery Creek), 34 (Discovery Creek), and 48 (Upper Osil-
inka) lie within the dry cool (dk) subzone of Boreal White and Black Spruce biogeoclimatic
zone (BWBSdKk) [16]. Of the eight sites, five were characterized as transitional and three
were characterized as edaphic successional types (Table 1). More detailed descriptions of
each site can be found in [18].
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Figure 2. Location of the study area in north-central British Columbia, Canada.
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Table 1. Summary of characteristics of study sites.

Treatment Trees (Average) Sampling Session
VvV 1
Site Name BEC! Successional 1st Disturbance 2nd Disturbance & ping
Type 2 5 , Age dbh Height
Type Year Type Year (years) (cm) (m) 1 2 3
1 98Mile SBSmk2 transitional harvest 2002 MPB5 2009 148 167 148 2001 2003 2016
2 Malaput 4 SBSmc transitional MPB 2001 harvest 2004 112 19.4 17.0 2001 2005 2017
3 Phillip Lakes SBSmk1 edaphic ~ harvest 2004 MPBS 2009 195 147 126 2002 2005 2016
7 Laldman  opp ¢ tramsitional MPB 2002 PeSPed 500 103 176 - 2008 2010 2017
Lake burn

Jackfish .
8 Cree e BWBSk transitional  MPB 2009 - 106 179 198 - 2009 2017
1 S Déizzzery BWBSdk  transitional ~MPB 2011 - 114 150 178 - 2008 2016
34 Dlécrzzl‘iry BWBSdk  edaphic =~ MPB 2011 - 126 115 115 - 2008 2016
48 UPPT  BwBSdk  edaphic  MPB 2011 - 114 141 141 - 2008 2016

Osilinka

! Biogeoclimatic subzone and variant (see text). 2 Successional types from [19-22]. 3 For MPB, the
year of attack was the estimated peak of attack in the general area. * The original control plot for
Malaput was incorporated into one of the harvesting treatments so no control data are available for
Malaput. ® For sites where forest harvest was the first disturbance, the 2nd disturbance only applies
to the control plots since MPB attack mature trees. ® Although originally planned as prescribed
burn/tree knockdown disturbance, neither the tree knockdown nor the prescribed burn were con-
ducted at the Jackfish Creek site.

2.2. Treatment Descriptions
2.2.1. Managed Disturbances

Forest Harvesting: Sites 1-3 (98-Mile, Malaput, and Phillip Lakes) were established
as forest harvest trials to assess how forage lichens responded to nine forest harvesting
treatments (Table 1). The nine forest harvesting treatments included various combinations
of harvesting method (whole tree vs. cut to length), harvesting season (winter vs. sum-
mer), site preparation (drag-scarify vs. none), and regeneration method (planting vs. nat-
ural) (Table 2).

Prescribed Burning: In 2008 and 2009, two sites were established (Laidman Lake and
Jackfish Creek) to assess the effects of prescribed burning on forage lichens in MPB-killed
forests. Each site included both a treatment and a control plot (Table 1). Pre-burn tree
knockdown and prescribed burning were conducted only at the Laidman Lake site.

2.2.2. Natural Disturbances

MPB attack peaked in the two study sites in the southern portion of the study area in
the early 2000s. The level of MPB attack in study sites in the northern portion of the study
area began increasing in the mid-2000s and peaked in 2009 and 2010 [23,24]. In 2008, as
regional levels of MPB attack were increasing, permanent plots were established at an
additional three sites in the northern portion of the study area prior to MPB attack to mon-
itor long-term effects of MPB on forage lichens [21]. Control plots for both forest harvest
and prescribed burned sites were all eventually attacked by MPB. Therefore, the three
MPB sites were combined with controls from the forest harvesting treatments and pre-
scribed burns to assess effects of MPB on terrestrial lichens in unharvested forests.
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Table 2. Forest harvesting treatments used at the 98-Mile (Site 1), Malaput (Site 2) and Phillip Lakes
(Site 3) sites.

Sites
T Predicted Conditions for Lichens 3
reatfnent Harvesting Harvesting Site Prepa- Regenera- redicted L-onditions for Lichens Treated *
Trt! Regime . . . .
Method Season ration tion Method Amount DisturbanceRegenerating
Code 2 Overall . . T E
of Debris to Lichens  Canopy
1 W-W-N-N Whole tree Winter None Natural Best Small Low Moreopen 1,2 3
2 C-W-N-N Cuttolength  Winter None Natural Good Large Low Moreopen 1 3
3 C-S-N-N Cut tolength Summer None Natural ~Moderate Large  Moderate Moreopen 1 3
4 C-5-N-P Cuttolength Summer None Plant Moderate Large  Moderate Moreclosed 1 3
5 C-S5-5-N Cuttolength Summer Dragscarify Natural Worst Large  Very high Moreopen 1 3
6  W-5-N-N  Whole tree  Summer None Natural Good Small High Moreopen 1,2 3
7  W-S-N-P  Whole tree = Summer None Plant Moderate ~ Small High More closed 2
8  W-S-5-N Wholetree  Summer Dragscarify Natural Worst Small  Very high Moreopen 2
9 W-5-S-P  Whole tree = Summer Dragscarify  Plant Worst Small  Very high More closed 2
99 Nig?r' NAS NA NA Natural ~ NA NA NA NA 1 3

! Treatment number assigned to each forest harvesting regime. ? Treatment regime code: abbrevia-
tions denote harvesting method (W = whole tree; C = cut to length), harvesting season (W = winter;
S = summer), site preparation method (N = none; S = drag scarification) and regeneration method
(N = natural; P = planting), respectively. 3 Predicted overall condition is based on the premise that
the no harvest treatment provides optimal conditions for lichen growth and regeneration [18]. Over-
all condition for lichens resulting from the treatments is then a heuristic classification, relative to the
optimal case, based on combinations of broad classes of woody debris, ground disturbance, and
regenerating canopy expected to result from the treatments. In the ecosystems under study, typical
thresholds between or among: (a) small and large amounts of wood debris would be in the order of
50-60 m3/ha; (b) low, moderate, high, and very high ground disturbance would be 5%, 15%, and
25% organic matter removed, respectively; and (c) open and closed regenerating canopy would be
50%. * Successional types: E = edaphic; T = transitional (see Table 1). > NA = Not applicable.

2.3. Data Collection Methods

In general, data collection methods for this project follow methods used for previous
pre- and post-treatment field sessions [18-22]. In 2016 and 2017, methods had to be ad-
justed at some sites to standardize data collection across all sites and sampling periods.

Measurements were taken before, during and after disturbances (Table 1). Perma-
nently-marked vegetation quadrats were established during Session 1 at forest harvest
sites (98-Mile, Malaput, and Phillip Lakes) and during Session 2 for all other sites (Table
1). Data were collected at the treatment level and the quadrat level.

At all sites except Laidman Lake, permanently-marked vegetation quadrats were es-
tablished along 300 m of linear transect (Figure 3). Between 24 and 51 (median 42) quad-
rats were located randomly along the 300 m transect at each treatment at each site, with
an equal proportion of quadrats located in each 100 m segment of the 300 m transect. Two
corners of each 0.71 m x 0.71 m quadrat were permanently marked. During sampling ses-
sions, a metal frame was positioned over the marker pins at each quadrat, a photograph
was taken, percent cover of lichens and other vegetation, soil, rock, litter and coarse
woody debris were estimated visually in the field, and representative heights of each veg-
etation species were measured. The following lichens were identified to species: Cladonia
rangiferina, C. mitis, C. stellaris, C. uncialis, C. ecmocyna, Peltigera aphthosa and P. malacea. All
other lichens were identified to genus. Vascular plants were identified to species. Litter
and CWD were added together to estimate total “debris accumulation”.
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Figure 3. Example of sampling design at Site 3 (Phillip Lakes) showing (a) site with treatments, (b)
Treatment 1 with 300 m transect (line) and site disturbance sampling grid (dots), and (c) Treatment
1 transect with stand/regeneration plot locations (P1-P6) every 50 m, and randomly located quad-
rats (red lines; see text).

At the Laidman Lake site, a systematic grid was established in the proposed pre-
scribed burn and control to provide plot centres for stand/regeneration data. Five perma-
nently-marked plot centres were established in the control area (7.5 ha) spaced 75 m apart,
and 9 permanently-marked plot centres were established in the proposed prescribed burn
area (37.4 ha) spaced 125 m apart. Four vegetation quadrats were established around each
plot centre in the treatment, and six vegetation quadrats were established around each
plot centre in the control.

Stand, regeneration, coarse woody debris and soil/organic mat disturbance data were
collected at the treatment level. Except for Laidman Lake, stand and regeneration data
were collected at six plots established at the 50 m intervals along the 300 m quadrat tran-
sect. Coarse woody debris (CWD) data were collected at three plots randomly chosen
from the stand/regeneration plots. Stand, regeneration and coarse woody debris data at
the Laidman Lake site were collected at all five plots in the control and all nine plots in
the prescribed burn. Sampling for soil/organic mat disturbance data was conducted only
at the forest harvest sites (98-Mile, Malaput, and Phillip Lakes) during post-harvest (Ses-
sion 2) and used a systematic point sample grid across the whole treatment area (Figure
3).

During sampling Sessions 1 and 2, methods for collecting stand and regeneration
data varied slightly between some sites. Therefore, we standardized data collection to be
consistent across all sites during Session 3, and recalculated data from the previous two
sampling sessions as needed [18]. Stand structure and regeneration were measured in 5.64
m or 7.98 m radius plots, except at the Laidman Lake site, where we collected regeneration
data in 3.99 m radius plots due to high densities of regeneration. All stand trees (27.5 cm
dbh) were individually numbered and tagged, and species, status (alive, dead, MPB at-
tack), dbh and height were recorded. During Session 1 for forest harvest and prescribed
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burn sites, ages were determined for a subset of live trees. During Session 3, we recorded
whether tagged trees were still standing or down, and for trees that were still alive we re-
measured dbh and height. We also numbered and tagged any new trees that grew into
the 7.5 cm dbh size class since the previous sampling session and recorded species, sta-
tus, dbh and height for those trees. Regeneration data were collected for trees <7.5 cm dbh
in two height classes: <1.3 and >1.3 m. All live regenerating trees were tallied by species
and height class. Stand and regeneration data were converted to stems/ha and basal
area/ha for large trees, and to stems/ha for regeneration.

Stand structure and regeneration data were not collected post-treatment (Session 2)
at the forest harvest sites (98-Mile, Malaput, and Phillip Lakes) nor at the prescribed burn
site (Laidman Lake). Stand structure and regeneration data collection for South Discovery
Creek, Discovery Creek, and Upper Osilinka during Session 2 (2008) were not consistent
with our methods standardized in Session 3; therefore we did not use them in our analy-
sis, but used age data to characterize the stands. For the Jackfish Creek site, stand and
regeneration data were collected during Session 2 (2009) at 10 plots that were randomly
distributed within the proposed prescribed burn portion of the site. During Session 3, we
used our standardized methods to establish stand and regeneration plots in the control
portion of the site. However, previous analyses [22] indicated that the treatment and con-
trol areas were similar and that the 10 plots were representative of both portions of the
site; therefore, we included stand and regeneration data from Session 2 in our analysis.

CWD measurements for forest harvest sites (98-Mile, Malaput, and Phillip Lakes)
followed methods outlined in [25]. Each of the three CWD plots included two transects 24
m in length. The first transect was established along a random bearing, and the second
transect was established at plus 90° to the first bearing. For all CWD pieces 27.5 cm in
diameter, diameter, species, decay class, tilt angle, length (from the widest end to the point
where the log is 7.5 cm in diameter), height of lowest end, angle of ground, and the start
and finish of where the piece of CWD intersected the transect line were recorded.

At the Laidman Lake and Jackfish Creek prescribed burn sites, CWD data were ini-
tially collected in 2008 and 2009 to assess fuel loading following procedures outlined in
[26]. During Session 3, we standardized the CWD methods to be consistent across all sites
following methods in [25]. At the Laidman Lake site, we collected CWD data along the
original transect bearings, but followed the standardized methods. At the Jackfish Creek
site, we randomly selected three stand/regeneration plots for CWD transect centres and
randomly selected transect bearings at each of three plots. CWD data were not collected
during the 2008 field sessions at South Discovery Creek, Discovery Creek or Upper Osil-
inka sites. Therefore, Session 3 was the first sampling session for CWD at those sites. Dur-
ing Session 3, at the forest harvest (98-Mile, Malaput, and Phillip Lakes) and prescribed
burn (Laidman Lake) sites, we re-measured only the control plots due to time constraints
and lack of appreciable change in CWD levels in harvested and prescribed burn treat-
ments.

Prior to analyses, the individual quadrat data of percent cover by vegetation type
(forage lichens, moss spp., and vascular plants), debris (litter) and exposed soil, was at-
tributed with the mean densities of live and regenerating trees (stems/ha), total trees killed
by MPB (stems/ha), CWD volumes (m?ha) and mean depth of organic matter disturbance
data measured at each site (see Supplemental Materials Table 53). Other site descriptors
(successional type of the site, type of disturbances that occurred, and years since first (in-
itial) and second (if any) disturbance at the site) were also added. The resulting dataset
across all eight sites and years consisted of 2889 attributed samples.
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2.4. Data Analyses

From our conceptual model (Figure 1), we expect that the effects of different factors
on abundance of forage lichens are multi-scaled in both space and time. These multi-
scaled effects include consequences of: coarse-scaled regional disturbances (MPB out-
breaks and wildfires); medium-scaled processes and disturbances (e.g., forest harvesting)
acting at the site-level determining overstorey/understorey structure; and fine-scaled pro-
cesses acting at the quadrat-level involving plant-plant interactions, micro-climate effects,
and soil characteristics that occur through time. Therefore, we applied a boosted regres-
sion tree (BRT) approach [27,28] to assess and rank the relative influence of measures of
predictor variables representing site type, vegetation abundances, and disturbance type
and timing on total abundance of forage lichens. The learning characteristics and flexibil-
ity of BRTs lend themselves to determining the relative influence of different predictor
values (calculated as the sum of squared improvements at all splits determined by the
predictor [27]), as well as the magnitude of the deviance accounted for in the modelled
interactions between them, to help assess the strength of each predictor’s effect on esti-
mated values of the response variable [28,29]. We fitted BRTSs to the sample data using an
optimized set of parameters (we used a learning rate of 0.01 which was optimized to en-
sure a minimum of 1000 trees were fit for each model and a bag fraction of 0.5 which
ensured adequate mixing of samples per tree [28]), and used 10-fold cross-validation to
estimate prediction deviance [27]. The prediction error rate (prediction deviance/null de-
viance) was used as a measure of the adequacy of the resulting model [28]) where smaller
prediction error rates indicate better prediction success of the resulting tree model. Where
sufficient sample sizes permitted, we used the results of different BRTs fit with different
numbers of prediction variables and interactions to guide selection of more parsimonious
and robust trees for analysis.

To assess the effects of the different forest harvesting treatments on the post-harvest
annual rates of recovery of forage lichen abundance, we applied a Bayesian approach to
fitting generalized linear mixed models (GLMM) to quadrat-level cover data obtained
from the three forest harvesting sites using a skewed-normal link function to model rela-
tionships [30].We calculated the differences in total forage lichen abundances measured
at each quadrat at three time periods: (i) 1st re-measurement after harvest minus pre-har-
vest; (ii) 2nd re-measurement minus pre-harvest; and (iii) 2nd re-measurement minus 1st
re-measurement. For the third comparison, using the number of elapsed years between
each of the re-measurements, we then calculated the change in abundance/year. We used
these calculations to answer the three questions in Table 3.

We were specifically interested in comparing change in abundance and annual rate
of change in lichen abundance among the different forest harvesting treatments, using
treatment regime code as a fixed effect. For these analyses, we considered only forest har-
vesting treatments and quadrats; controls were not included as they were affected by a
different disturbance (MPB) post-harvesting. Therefore, without controls, we assigned
treatment regime C-S-5-N (Treatment 5; Table 2) as the reference condition given its a
priori prediction of leading to the worst outcome (Table 2). We included random inter-
cepts for site to account for the non-independence of quadrats at each given site. Tests
were separated by successional type as other analyses indicate that lichen dynamics are
different between the two types. We conducted post hoc non-linear hypothesis tests
among model parameters (i.e., estimated coefficients) for each treatment regime code us-
ing the posterior probability that the difference between two parameters is >0 [30].

All analyses were conducted in R 3.6.1 [31]. For the BRT analyses, we used the gbm
package [32] and functions available in [28]. For the GLMM analyses of the forest harvest-
ing treatments, we used the brms package [33].
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Table 3. Key questions asked in assessing change in forage lichen abundance following forest har-
vesting.

Question I Pelzllod ' R2 Metric
1. How well did lichens survive disturbance? Change in lichen abundance
2. By 12-14 years post-harvest, has lichen Change in lichen abundance
abundance recovered to pre-harvest levels?
3. By 12—-14 years post-harvest, how well are Annual rate of change in lichen
lichens recovering after harvest? abundance

1] = Initial pre-harvest measurement; R1 = first post-harvest re-measurement; R2 = second post-
harvest re-measurement.

3. Results

3.1. Effects of Forest Harvesting, Prescribed Burning and MPB on Total Forage Lichen
Abundance

Overall, forage lichen abundance was lower at the 98-Mile site than at Phillip Lakes,
Malaput and Laidman Lake sites, with means (Table 4) and medians (Figure S6) of total
forage lichen cover at 98-Mile, at all treatments during all sampling sessions, rarely ex-
ceeding 2%. The edaphic site (Phillip Lakes) contained the highest initial abundance of
forage lichens of all four sites. The most abundant forage lichen species were: C. rangifer-
ina, C. mitis, C. ecmocyna and C. uncialis.

Responses of abundance of total forage lichens to the effects of harvesting treatment
differed between the three forest harvest sites.

At all three sites, forage lichen abundance declined initially following forest harvest-
ing treatments (Table 4 and Figure S6). On transitional sites (98-Mile, Malaput), mean for-
age lichen abundance increased between 1 and 2 years post-harvest and 13 and 14 years
post-harvest at all treatments except Treatment 3 at the 98-Mile site. By 13-14 years post-
harvest, mean forage lichen abundance was greater than or similar to pre-treatment abun-
dance at seven of the 11 site/treatment combinations. The four site/treatment combina-
tions where mean forage lichen abundance was lower 13-14 years post-treatment than
pre-treatment contained the highest initial cover of forage lichens within each site. At the
edaphic site (Phillip Lakes), there was no detectable recovery of forage lichen abundance
between 1 year and 12 years post-harvest, and mean forage lichen abundance 12 years
following harvest was lower than pre-treatment abundance at all six forest harvesting
treatments.

Table 4. Mean percent cover of forage lichens for each treatment at the forest harvest sites (98-Mile,
Malaput, and Phillip Lakes) and at the prescribed burn site (Laidman Lake), during initial measure-
ment at plot establishment (I), first re-measurement post-harvest (R1), and second re-measurement
post-treatment (R2), and annual rate of change from the first re-measurement post-harvest to the
second re-measurement post-harvest (R1 to R2).

Treatment ! 99 1 2 3 4 5 6 7 8 9 11
Method 2 MPB W C C C C w W w W B
Season 3 - W W S S S S S S S -
Site prep * - N N N N S N N S S -
Regen ° N N N N P N N P N P N
Site 1—98-Mile—Transitional (2016 = 14 years post-harvest)
R2 (2016) 0.2 1.6 1.0 0.7 12 1.0 22
R1 (2003) 12 0.5 02 <01 02 0.1 0.8
I(2001) 1.8 1.2 0.6 0.3 04 29 1.7
Change/year
(R1 to R2) -0.08 0.08 0.06 005 008 007 0.11

Change/year SE 0.04 0.02 001 0.01 0.02 0.02 0.03

Site 2—Malaput—Transitional (2017 = 13 years post-harvest)
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Treatment! 99 1 2 3 4 5 6 7 8 9 11
R2 (2017) 2.8 2.9 30 16 21
R1 (2005) 0.9 14 1.1 06 12
1(2001) 3.6 4.0 30 30 65
Change/year
(R1 to R2) 0.16 012 016 0.08 0.08
Change/year SE 0.04 0.03 0.04 0.01 0.01
Site 3—Phillip Lakes —Edaphic (2016 = 12 years post-harvest)
R2 (2016) 195 136 145 93 7.9 28 5.0
R1 (2005) 286 145 146 107 9.0 26 45
1(2002) 359 341 459 287 374 310 297
Change/year
(R1 to R2) -0.83 -0.08 -0.01 -0.14 -0.10 0.03 0.05
Change/year SE 012 0.09 011 0.2 0.08 0.05 0.09
Site 7—Laidman Lake —Transitional (2017 = 8 years post-burn)
R2 (2017) 24 0
R1 (2010) NA¢ <0.1
1(2008) 4.3 7.2

! Treatments 1-9 = forest harvesting treatments consisting of varying harvesting methods, seasons,
site preparation, and regeneration (see Table 2 for more details); 11 = prescribed burn including tree
knockdown prior to the burn; 99 = control. All control treatments have been affected by MPB and
are de facto MPB treatments. 2 B = prescribed burn; C = cut to length; MPB = mountain pine beetles;
W =whole tree. 3 S = summer harvest; W = winter harvest. * N = none; S = drag scarify. * P = plant; N
= natural regeneration. * NA = Not available; only 5 of the 30 quadrats were sampled in the control
plot following the burn and are not included here.

Overall, red-stemmed feathermoss (Pleurozium schreberi) decreased following all for-
est harvesting treatments and decreased further by 12-14 years following harvest, while
vascular vegetation decreased following harvest then increased by 12-14 years following
harvest in most harvest treatment/successional site combinations (Figures S7 and S8).

Cover of forage lichens following the prescribed burn at the Laidman Lake site was
reduced to <0.1% (Figure 56).

At MPB sites, initially, forage lichens were most abundant at the three edaphic sites
(Phillip Lakes, Discovery Creek, Upper Osilinka; Figure 59). Mean forage lichen abun-
dance declined at all sites, with the highest rate of decline at the two sites (both edaphic)
with the highest initial abundance of lichens: Upper Osilinka and Phillip Lakes (Table 5).
Although forage lichen abundance decreased at most sites, forage lichen abundance in
2016 and 2017 was still higher at edaphic sites than at transitional sites. Over the course
of this study, total vascular vegetation increased at all sites except at the Laidman Lake
site (transitional), where it did not change (Figure S8), and red-stemmed feathermoss in-
creased or did not change at all sites except the 98-Mile site where it decreased (Figure
S7).
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Table 5. Mean percent cover of forage lichens in each control/MPB treatment during initial meas-
urement at plot establishment (I) and during the second re-measurement (R2), and annual rate of
change in lichen abundance from plot establishment to the second re-measurement.

Years

- 1
Site Plot Establishment (I) 2nd Re-Measurement Since Change/Yr
(R2) (Ito R2)
Attack
0,

Name (No.) BEC Type MIiOB , Year Mean SE Year Mean SE Mean SE
Phillip Lakes (3) SBSmk1l Edaphic 55 2002 359 29 2016 19.5 1.8 14 -1.18 0.06
Discovery Creek (34) BWBSdkl Edaphic 20 2008 28.0 2.5 2016 26.4 2.1 8 -0.21 0.15
Upper Osilinka (48) BWBSdkl Edaphic 76 2008 43.0 3.8 2016 24.7 2.3 8 -2.29 0.26
South D‘s(cloz‘;ery Creek pwBSdKI  Trams. 27 2008 74 18 2016 6.1 17 8 016  0.06
98-Mile (1) SBSmk2  Trans. 54 2001 1.8 0.6 2016 0.2 0.2 16 -0.10 0.04
Laidman Lake (7) SBPSmc Trans. 48 2008 43 1.1 2017 24 0.7 10 -0.20 0.05
Jackfish Creek (8) BWBSdkl Trans. 63 2009 8.7 0.8 2017 3.3 0.8 10 -0.56 0.10

1 The 98-Mile site was excluded from the analysis of rate of change in lichen abundance due to MPB
effects because of the confounding effect of a high amount of windthrow related to harvesting
around the site, which was unrelated to the MPB disturbance itself. Laidman Lake (control plot
only) was excluded because MPB disturbance occurred prior to the plot establishment. 2 % of total
stand trees (all species) at the site that were recorded as killed by MPB during the second re-meas-
urement (R2).

3.2. Overall Site and Disturbance Influences on Abundance of Total Forage Lichens

We fit BRT models across: all eight sites, measurements of vegetation variables, and
year, for a total of 2889 attributed samples. Models of the effects of predictor variables
measured and/or classed at the treatment or quadrat scale on changing patterns of abun-
dance (% cover) of total forage lichens in the presence of disturbances show strong influ-
ences of disturbance, including time (i.e., number of years pre- and post-disturbance),
moss cover, total debris cover, and successional type of the site (Table 6). These BRT mod-
els explained 91% of the deviation in the response variable with an associated prediction
error rate of 0.14, suggesting good model performance.

Additional fits of BRT models revealed further characteristics of the relationships be-
tween predictor variables and abundance of forage lichens: (1) the prediction error rate of
a fitted BRT model containing the eight most important of the 14 predictors (Table 6) re-
mained at 0.14 suggesting that effects of some of the remaining variables are correlated
with these important variables when predicting total forage lichen abundance; (2) fitting
a BRT to this reduced model with only single splits (no interactions) increased the predic-
tion error rate to 0.25 suggesting that interactions among predictor variables accounts for
23% of the reduction in prediction error in the reduced model, and (3) a similar BRT, but
with trees allowing only two-way interactions yielded a prediction error rate of 0.15 indi-
cating that the effect of higher-order interactions is minimal (8% of the prediction error).
These findings suggest that a reasonable overall model for predicting forage lichen abun-
dance based on the sites we sampled would include years since first disturbance, moss
cover, total debris cover, successional type, vascular plant cover, exposed soil cover, %
disturbance to organic matter, live tree density (stems/ha), and all first-order interactions.

Partial dependence plots illustrate the relationships between the eight most im-
portant predictor variables and abundance of total forage lichens after accounting for the
average effects of all other included predictors (Figure 4). Time since first disturbance has
an immediate negative effect on forage lichen abundance, and there is evidence that lichen
abundance on the sites included in this analysis continued to decrease slightly after dis-
turbance (see also Table 4). Responses of total forage lichens are clearly conditional on
successional type, with responses being positive on edaphic sites relative to transitional
sites. Effects of understory and ground cover variables (moss cover, total debris cover,
disturbance to the organic matter layer and cover of exposed soil) are generally non-
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Figure 4. Partial dependency plots showing the marginal effects of the eight most important varia-
bles in the boosted regression tree on abundance patterns of forage lichens at all sites in this study.
Y-axes are the marginal effect on cover of forage lichens once the effects of all other variables are
accounted for. Numbers in brackets give the relative influence of each predictor variable. Rug plots
at inside top of each plot show the distribution of samples (treatments x quadrats/treatment) across
the respective variable, in deciles. Identifiers for the successional type variable are: “Edaph.” =

edaphic; “Trans.” = transitional.
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Table 6. Summaries of the relative influence and relative contribution of all predictor variables on
total forage lichen abundance, derived from cross-validated boosted regression tree (BRT) models
(n=1,350 trees) across the full range of sites and data samples.

. . Relative Number of
Predictor ! Sampling Scale Influence 2 Interactions *
Years since 1st disturbance treatment 27.9 2
Moss cover quadrat 13.3 3
Total debris cover treatment 12.3 4
Successional type treatment 10.2 5
Density of regenerating trees treatment 8.4 N/A
(stems/ha)
Live tree density (stems/ha) treatment 7.3 2
Years since 2nd disturbance quadrat 7.1 N/A
Vascular plant cover treatment 6.1 2
Exposed soil cover treatment 3.5 2
Organic matter disturbance quadrat 2.8 0
Type of 2nd disturbance treatment 0.5 N/A
Disturbance regime treatment 0.4 N/A
% overstory trees killed by MPB treatment 01 N/A
(stems/ha)
Type of 1st disturbance treatment <0.1 N/A

! Predictors in bold are considered the most important (see 2.4 Data Analyses), and are included in
the reduced set analyses. See Table S3 for a detailed description of variables. ? Relative influence of
each predictor is calculated as the % improvement due to that predictor in the sum of the split cri-
terion (mean squared error [MSE]) among all fitted trees (see 2.4 Data Analyses). ® Relative contri-
bution of predictors is calculated as the number of interactions involving each predictor; N/A = Not
Applicable.

The reduced BRT models identified several strong interactions influencing total for-
age lichen abundance. In general, the three strongest interactions between predictors in-
volve years since first disturbance interacting with total debris cover, years since first dis-
turbance interacting with moss cover, and successional type interacting with moss cover,
while other less important interactions include interactions between: successional type
and three other predictors (total debris cover, exposed soil cover, and vascular plant
cover); moss cover and live tree density; and, total debris cover and live tree density (Table
S4).

3.3. Factors Influencing Recovery Rates of Forage Lichen Abundances after Disturbance
3.3.1. MPB Disturbance

For this analysis, we used the reduced set of predictor variables identified above, plus
the percent of trees killed by MPB (stems/ha) for a total of 187 data points from the 5 se-
lected sites (see 2.4 Data Analyses. The resulting BRT model (1 = 9400 trees) explained
87.2% of the variation in the data. The model’s prediction error rate of 0.29 suggests that
some additional relationships governing lichen rate of change under MPB disturbance
may remain to be quantified. The strongest effect on rate of change of total forage lichen
abundance post-MPB disturbance is the % cover of forage lichens pre-MPB disturbance
(58.2%) (Figure S10). Effects of other factors including the initial density of live trees
(6.6%), density of MPB-killed trees during the second re-measurement (5.8%), annual rate
of change of total debris cover (3.9%), annual rate of change of vascular plant cover (3.7%),
and initial moss cover (3.1%) are smaller (Figure S10). Interactions could not be success-
fully calculated due to a smaller number of data points.

Relationships between predictors and rate of change in forage lichen abundance un-
der MPB disturbance show two consistent patterns: (1) increasing abundance of under-
story predictors demonstrate a consistently negative relationship, while (2) predictors of
overstory density show a weakly positive relationship with rates of change of forage
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lichen abundance. In particular, once the influence of other factors is removed, pre-dis-
turbance abundances of total forage lichen has a non-linear influence on rate of change of
lichen abundance after MPB disturbance occurs, with the strongest positive effect on rate
of change of lichens at low pre-disturbance levels, and negative at high pre-disturbance
levels.

Because the rate of change of lichens is negative (i.e., forage lichen abundance de-
clined following MPB disturbance), this means sites with lower pre-disturbance levels of
lichen have lower rates of decline, while sites with higher pre-disturbance levels of lichen
have higher rates of decline. Effects of overstory variables tend to be smaller in magnitude
of effect than understory variables (Figure S10).

Percent of MPB-killed trees had a significantly negative effect on cover of forage li-
chens in six MPB sites (Phillip Lakes, Laidman Lake, Jackfish Creek, South Discovery
Creek, Discovery Creek and Upper Osilinka) (F14=12.07; p = 0.025, 2= 0.75; Figure 5). The
98-Mile site was not included in this analysis due to the high level of blowdown in the
control, which appeared to be more a function of the small size of the control and location
within a large area of harvest than a function of site or MPB conditions, which may have
confounded vegetation responses at that site.

3.3.2. Effects of Forest Harvesting

For the three forest harvesting sites (n = 530 samples total), we fitted a BRT model (n
=10,850 trees) to the reduced set of site and vegetation predictors, and a harvesting treat-
ment classification was able to explain 57.8% of the overall deviance in post-harvest an-
nual rates of change of forage lichens. However, the prediction deviance of 0.12 (0.03 SE),
and a prediction error rate of 0.85 suggest these model fits have relatively poor predictive
capability. Abundance of forage lichens on the sites both during the most recent measure-
ment period and during pre-disturbance sampling, together account for 62.1% of the in-
fluence of all predictors (see Figure S11). Total debris cover at the most recent measure-
ment period shows an asymptotic relationship with annual lichen rates of change, which
consists of a negative effect at low abundance of total debris cover, and a slightly positive
effect at >40% total debris cover. Most of the harvesting treatments currently show only a
slightly positive or neutral relationship to rate of lichen change; only Treatment 3 and the
very similar Treatment 4 (3: cut to length, summer harvesting, no site preparation, natural
and regeneration, see Table 2) showed negative influences on post-harvest rates of change
in lichen abundance, once the effects of other predictors were accounted for (see Figure
S11).

Results comparing the effects of harvesting treatment among sites suggest that har-
vesting methods influence lichen abundance and rates of change post-harvest depending
on the successional type of the site and on the sampling interval assessed (Table 7). Spe-
cifically, based on the sign of estimated coefficients, the effect of harvesting regime may
act somewhat differently on lichen abundance and rates of change between the two suc-
cessional types. Immediately following harvest, only two treatment regimes (edaphic: C-
S-N-N; transitional: W-S-N-P) were statistically significant in this comparison. By 12-14
years post-harvest, only two treatment regimes on transitional sites (W-5-N-P, C-5-N-P)
were statistically significant. Annual rates of change in lichen abundance from the first re-
measurement to the second re-measurement did not differ between any treatment regimes
in either edaphic or transitional types. However, based on the signs of estimated coeffi-
cients, although the reference condition (C-S-5-N) initially had the greatest impact on li-
chens on transitional sites, the positive annual rate of change post-harvest (i.e., R1 to R2)
suggests that it may have created conditions that were more favourable for lichen estab-
lishment and/or growth following harvest. However, annual rates of change post-harvest
(i.e., R1 to R2) need to be considered within the context of the initial impacts from the
disturbance (i.e., I to R1). For example, on the edaphic site, despite a higher annual rate of
change in lichens post-harvest on Treatment 5 (C-5-5-N) than on Treatment 3 (C-5-N-N),
the greater initial impacts from disturbance on Treatment 5 (C-S-5-N) resulted in a greater
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Figure 5. Effect of % MPB-killed trees post-disturbance on the mean % change in % cover of forage
lichens between pre- and post-disturbance sampling sessions. Shown are site-level means for each
variable. The 98-Mile site was excluded from this analysis because of the confounding effect of a
high amount of windthrow related to harvesting around the site, which was unrelated to the MPB
disturbance itself. Identifiers for succession type for each site are: “Edaph.” = edaphic; “Trans.” =
transitional.

Additionally, there is evidence that harvesting method components are an important
determinant of lichen recovery rate, and their effects depend on the successional type of
the stand (Table 8). When comparing change in lichen abundance from pre-harvest (I) to
immediately following harvest (Question 1) and 12-14 years following harvest (Question
2) on transitional sites, the no site preparation treatment was better than the scarification
treatment for maintaining lichens (Question 1). However, this benefit was not evident
when assessing annual rate of lichen change between the first and second re-measure-
ments (Question 2). We were unable to detect a significant difference between other har-
vesting method components on either edaphic or transitional sites. However, in all sites,
the actual amount of lichen recovery still remains relatively low in the elapsed time since
disturbance, such that demonstrating different effects of treatments and/or individual har-
vest methods may become more evident in the future (Table 8).
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3.3.3. Effects of Prescribed Burning

With only one site available to assess effects of prescribed burning, we only offer a
descriptive summary of the effects of this disturbance on forage lichens. Abundance of
forage lichens and moss were immediately reduced by this disturbance (Figures S6 and
S7). Vascular vegetation cover also decreased immediately following the burn, but then
increased between 1 and 8 years post-burn, and has not yet recovered to pre-burn levels.
Although no caribou terrestrial forage lichens had started re-colonizing eight years fol-
lowing the prescribed burn, Peltigera sp. were found in two of the 36 quadrats.

Table 7. The effects of forest harvesting treatment regimes on post-harvest forage lichen abundance
and annual rate of change (% change/year) for the two successional types studied (edaphic; transi-
tional). Coefficients in bold are statistically significant.

Predictors Successional Type
Harvesting Treatment Edaphic (n=247)" Transitional (n = 472)
No.? Regime Coefficient? LCI* UCI* Coefficient® LCI* UCI*

Question 1: How well did forage lichens survive disturbance (i.e., absolute change in lichen
abundance from pre-harvest to first re-measurement post-harvest)?

55 C-5-5-N -8.25 -16.35 0.53 -1.15 -2.35 0.25
1 W-W-N-N 0.80 -1.42 3.22 0.32 -0.01 0.67
2 C-W-N-N -1.52 -3.67 0.67 0.27 -0.09 0.65
3 C-S-N-N 2.34 0.13 4.66 0.29 -0.06 0.67
4 C-5-N-P -0.09 -2.26 2.10 0.31 -0.05 0.70
6 W-5-N-N 0.29 -0.06 0.67 0.34 -0.01 0.68
7 W-5-N-P - - - 0.59 0.24 1.08
8 W-5-5-N - - - 0.22 -0.19 0.67
9 W-5-5-P - - - 0.04 -0.37 0.46

Question 2: By 12-14 years post-harvest, has forage lichen abundance recovered to pre-harvest
levels (i.e., absolute change in lichen abundance from pre-harvest to second re-measurement post-

harvest)?
5 C-5-5-N -1.93 -4.99 1.21 -0.12 -0.86 1.48
1 W-W-N-N 0.40 -0.18 0.98 -0.08 -0.02 0.18
2 C-W-N-N -0.24 -0.81 0.33 0.07 -0.04 0.18
3 C-S-N-N 0.53 -0.05 1.12 0.06 -0.05 0.17
4 C-S-N-P -0.10 -0.66 047 0.12 0.01 0.25
6 W-S-N-N 0.17 -0.41 0.74 0.03 -0.10 0.16
7 W-5-N-P - - - 0.23 0.09 0.37
8 W-S-5-N - - - 0.08 -0.02 0.18
9 W-S-S-P - - - -0.05 -0.18 0.08

Question 3: By 12-14 years post-harvest, how well are forage lichens recovering after harvest (i.e.,
annual rate of change in lichen abundance from the first re-measurement post-harvest to the
second re-measurement post-harvest)?

5 C-5-5-N -0.04 -2.94 3.06 0.22 -0.49 0.80
1 W-W-N-N 0.02 -0.22 0.24 0.01 -0.03 0.06
2 C-W-N-N 0.10 -0.14 0.34 -0.01 -0.05 0.05
3 C-5-N-N -0.08 -0.31 0.15 -0.02 -0.07 0.04
4 C-5-N-P -0.03 -0.27 0.19 -0.00 -0.05 0.05
6 W-5-N-N -0.02 -0.22 0.24 -0.00 -0.05 0.05
7 W-5-N-P - - - -0.01 -0.07 0.05
8 W-5-5-N - - - 0.02 -0.03 0.08
9 W-5-S-P - - - -0.01 -0.07 0.05

1 Sample sizes are quadrats measured in both post-disturbance sampling sessions. 2Treatment num-
ber assigned to each forest harvesting regime (see Table 2). 3 Coefficients are considered statistically
significant when the confidence interval (a = 0.05) does not intersect zero. * LCI = lower confidence
interval; UCI = upper confidence interval. > Treatment regime 5 (C-5-S-N) was used as the reference
condition because controls were eventually attacked by MPB and because it had the greatest pre-
dicted negative impact on caribou lichens (see Table 2).
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Table 8. The effects of each component of forest harvesting treatments on post-harvest forage lichen
abundance and annual rate of change (% change/year) for the two successional (site) types studied
(edaphic; transitional). Coefficients in bold are statistically significant.

Predictors Successional Type
Harvest Method Edaphic (n = 247) Transitional (n = 472)
Components Coefficient! LCI2 UCI? Coefficient! LCI? UCI?

Question 1: How well did forage lichens survive disturbance, i.e., absolute change in lichen
abundance from pre-harvest to first re-measurement post-harvest)?

(intercept) 3 -8.35 -16.62  -0.24 -1.13 -2.33  0.39

Method Whole tree (W) -0.04 -1.58 1.55 0.07 -0.17  0.34
Season Winter (W) -1.46 -3.03 0.11 -0.05 -027 017
Site Prep None (N) 1.15 -0.83 3.10 0.29 0.10 0.48
Regeneration Plant (P) -1.20 -3.23 0.75 0.02 -017  0.23

Question 2: By 12-14 years post-harvest, has forage lichen abundance recovered to pre-harvest
levels (i.e., absolute change in lichen abundance from pre-harvest to second re-measurement post-

harvest)?
(intercept) 3 -1.90 -5.00 1.22 -0.19 -0.81 0.41
Method Whole tree (W) 0.15 -0.26 0.55 0.02 -0.05 0.09
Season Winter (W) -0.26 -0.66 0.13 -0.05 -0.12  0.01
Site Prep None (N) -0.25 -0.78 0.28 0.14 0.08 0.20
Regeneration Plant (P) -0.35 -0.87 0.18 0.01 -0.05 0.07

Question 3: By 12-14 years post-harvest, how well are forage lichens recovering after harvest (i.e.,
annual rate of change in lichen abundance from the first re-measurement post-harvest to the
second re-measurement post-harvest)?

(intercept) -0.07 -3.07 2.98 0.15 -0.39  1.04

Method Whole tree (W) 0.04 -0.12 0.20 0.01 -0.02  0.04
Season Winter (W) 0.05 -0.12 0.21 0.01 -0.02  0.04
Site Prep None (N) -0.01 -0.23 0.20 -0.01 -0.04 0.02
Regeneration Plant (P) -0.04 -0.26 0.19 -0.01 -0.04 0.02

! Coefficients are considered statistically significant when the confidence interval (@ = 0.05) does not
intersect zero. 2 LCI = lower confidence interval; UCI = upper confidence interval. 3 Modelled refer-
ence conditions are: method = cut to length (C); season = summer (S); site preparation = scarify (S);
regeneration = natural (N); Treatment regime 5 (C-S-5-N) was used as the reference condition be-
cause controls were eventually attacked by MPB and because it was predicted to have the greatest
negative impact on forage lichens (see Table 2).

4. Discussion

This comparative study provides an assessment of temporal dynamics of forage li-
chen abundance in response to stand-replacing disturbances in the short term (<15 years).
Despite the relatively short time frame, some trends are evident. First, across all sites sam-
pled, the successional type (edaphic vs. transitional) is a significant mediating factor in
determining forage lichen abundance and response to disturbance. In particular, abun-
dances of forage lichens on edaphic sites appear higher and more robust to disturbances
than those on transitional sites where competition from moss and understory vegetation
appears to be greater, and annual rate of change in forage lichen abundance following
disturbance appears to be mediated by the pre-disturbance abundance of forage lichens
on the sites. Secondly, on transitional sites, scarification had negative impacts on lichen
abundance during both the first and second re-measurements post-harvest, but a positive
impact on rate of lichen recovery between the two post-harvest re-measurements. Thirdly,
MPB resulted in a decline in forage lichen abundance with higher declines associated with
higher levels of MPB attack.
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4.1. Effects of Disturbances on Terrestrial Lichen Dynamics
4.1.1. Forest Harvesting

At edaphic sites (Phillip Lakes), harvesting treatments that resulted in a higher mean
cover of forage lichens 12 years post-harvest appeared to do a better job of maintaining
the cover of lichens that were present pre-treatment. At transitional sites (98-Mile, Mala-
put), harvesting treatments that resulted in a higher mean cover of forage lichens 13-14
years post-harvest appeared to do a better job of providing favourable conditions for re-
establishment and growth of those lichens. Although forage lichen abundances have in-
creased since post-harvest at transitional sites, a substantial increase has not yet been ob-
served by 13-14 years post-harvest, which simply may be due to the slow rate of lichen
colonization and growth.

The difference between the effect of scarification on post-harvest recovery of forage
lichens on edaphic (negative) and transitional (positive) sites could potentially be due to
ground disturbance. On transitional sites, ground disturbance could indirectly positively
impact lichens by creating conditions that were unfavourable for feathermosses. On
edaphic sites, where competition from feathermosses is lower, the negative impact of di-
rect disturbance to the lichen mat may have outweighed the benefits gained from reduc-
ing feathermosses. This finding is consistent with a study in west-central Alberta, where,
one year after harvest, lichens decreased the most on sites with summer logging, stump-
side delimbing and drag scarification and decreased the least on sites with winter logging,
stump-side delimbing and no scarification [34]. Although rubber-tired machines were
used, the heavy impacts on lichens were attributed to increased machine traffic due to
stump-side delimbing and large piles of woody debris [34]. Scarification combined with
stump-side delimbing may also have resulted in more damage than roadside delimbing
treatments when scarifiers inadvertently dragged woody material left on site by the de-
limbing [34]. Woody debris negatively affects lichen abundance [35-38] likely due to re-
duced light and ventilation levels on the forest floor [36].

Although we were unable to detect a difference between whole-tree and cut-to-
length harvesting methods on terrestrial lichens on either edaphic or transitional sites,
Kembel et al. [39] in southeastern Manitoba found that there were significant differences
in understory species composition among sites treated with cut-to-length and whole-tree
harvesting, and that vegetation responses varied with forest types. Cut-to-length treat-
ments favoured species that could re-sprout after moderate disturbance, while whole-tree
harvesting favoured invading herb and shrub species that were adapted to higher levels
of light and/or soil disturbance [39].

Lichen abundance in one study in central BC [38] was lower in clearcuts 9-11 years
following harvesting than in four selective harvesting treatments 8 years following har-
vesting; however, selective harvesting was conducted in winter months with 30 cm of
snow cover, while two of the three clearcuts examined were harvested during the summer
and there was no information on lichen abundance in clearcuts prior to harvesting, or on
whether site preparation was conducted in the clearcuts.

Several retrospective studies provide some additional insights into effects of clearcut
harvesting on forest floor dynamics [12,40—44]; however, only the authors of [12] provided
information on season of harvest. In Alberta, scarification method did not appear to affect
lichen abundance but lichen cover (including caribou forage lichens and Peltigera sp.) was
greatest where front plows with drags were used or where scarification treatments were
not applied [40]. In Ontario, Harris [41] did not have sufficient data to assess relative im-
pacts of different scarifying techniques, but in general, residual lichens persisted in undis-
turbed areas between trenches. Cover of C. rangiferina and C. mitis (excluding one outlier
sample) increased with time since disturbance in forest harvest sites for plots 2-16 years
post-disturbance [42]. Additionally, in Ontario, no strong difference was found between
terrestrial lichen abundance at harvested sites following prescribed burn or scarification
site preparation [43]. On transitional sites in north-central BC, cover of Cladonia sp.
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(reindeer lichens and pixie lichens) was greater in winter-harvested plots 16 years post-
harvest, than in summer-harvested plots 13 years after harvest, which in turn was greater
than in unharvested plots [12]. In Quebec, biomass of caribou forage lichens was greater
post-harvest than post-fire, but no significant difference was detected in cover of caribou
forage lichens between the two types of disturbance [44].

An increase in forage lichens following disturbance could result from an increase in
cover of undisturbed residual lichens, fragmentation of lichens and subsequent expansion
of fragments, or recolonization of substrate by new propagules [42]. In one Ontario study,
fragmentation was the most prevalent mode of lichen reproduction in cutblocks [42]. New
propagules were observed in cutblocks at least 6 years post-harvest but these were almost
exclusively on organic substrates [42]. Residual lichens were also common in cutblocks in
Ontario [41,42]. Although fragmentation can result in establishment of new colonies
within short distances, long-distance dispersal of fragments requires wind or animals [45].
In their canopy thinning plots, the authors of [46] found that forage lichen abundance
remained stable or increased slightly by 19 years post-treatment, and cover of bare patches
increased, suggesting that the increase in lichens was due to expansion of existing lichens
and that lichens have not yet recolonized areas of moss dieback. In our study, on the 98-
Mile (transitional) site, visual assessment of quadrat photographs suggests that 14 years
post-disturbance, increased cover of forage lichens in some quadrats appeared to be due
to expansion of residual lichens. Although forest harvesting treatments in our study have
been successful in reducing moss cover, terrestrial lichens may not yet be recolonizing
areas that are no longer occupied by mosses.

In our study, at the Phillip Lakes (edaphic) site, by 12 years post-treatment, although
forage lichen cover had not changed since the first post-harvest sampling session and had
still not recovered to pre-treatment levels, cover was still higher than at the 98-Mile and
Malaput (transitional) sites. At those two sites, by 13-14 years following harvesting, for-
age lichen cover had recovered to pre-treatment or higher levels in most of the treat-
ment/site combinations. Although lichen abundance increased on the two transitional
sites since 1-2 years post-harvest, pre- and post-treatment lichen covers were low, espe-
cially at the 98-Mile site where pre-treatment mean cover was less than 3% in all treat-
ments. Because forage lichen cover was so low at that site, even nominal increases in ab-
solute lichen cover could result in higher relative changes. Nonetheless, the increase in
mean lichen cover observed since 1-2 years post-treatment could be the beginning of an
increasing trend that could potentially continue into the mid to long term if conditions
otherwise remain favourable for supporting forage lichens. An increase in lichens on tran-
sitional sites following ground disturbance is consistent with results from a long-term soil
productivity site in central BC [47]. By 20 years post-disturbance on a mesic (transitional)
site that was dominated by feathermosses prior to harvesting, completely stripping the
forest floor layers resulted in over twice the cover of terrestrial lichens (18%; mostly cup
lichens) than treatments where the forest floor remained intact (7%; S. Haeussler, unpubl.
data).

4.1.2. Mountain Pine Beetles

Variability in stand structure, level of MPB attack and CWD across the seven MPB
sites contributed to the pattern of responses of forage lichens and other vegetation. Level
of MPB attack was highest at the Upper Osilinka (edaphic), Jackfish Creek (transitional)
and Phillip Lakes (edaphic) sites, and also for the residual trees at the 98-Mile (transi-
tional) site, which suggests that the level of attack at the 98-Mile site before the blowdown
was also likely high. The lowest level of attack occurred at the Discovery Creek (edaphic)
site, which was the site with the smallest diameter trees [18]. By 2016 and 2017, CWD
increased substantially at the 98-Mile site while CWD levels at other sites remained low
(Jackfish Creek, Laidman Lake, South Discovery Creek, Discovery Creek, and Upper Osil-
inka) or increased slightly (Phillip Lakes). Unlike the other six MPB sites/controls, which
are surrounded by or close to other forest stands, the 98-Mile No Harvest control is a small
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patch of unharvested forest that is surrounded by an extensive harvested area. The high
degree of blowdown at that site has likely resulted in canopy cover conditions that are
more similar to post-harvest canopy cover conditions than to post-MPB canopy cover con-
ditions at the other six sites.

Results from the MPB monitoring portion of the project in 2016 and 2017 are con-
sistent with results from other studies in that forage lichen abundance generally declined
following MPB attack [48-51], while abundance of other vegetation increased [48-50,52—
54]. We also found that there was a negative relationship between level of MPB attack and
relative change in total forage lichen abundance. In the northeastern portion of the Itcha-
llgachuz caribou range, level of MPB attack at the beginning of this study was a strong
predictor of terrestrial lichen abundance 3 years following attack [48]. In the Tweedsmuir-
Entiako caribou winter range, abundance of other vegetation was a better predictor of
terrestrial lichen abundance following MPB attack than was level of attack [49]. There, the
dominant species of vascular vegetation exhibited a consistent increase in abundance on
the relatively more humid (transitional) sites, and an increase then a decrease in abun-
dance on the drier (edaphic) sites by 10 years following attack [49]. By 15 years following
MPB attack, terrestrial lichen and other vegetation abundance decreased, corresponding
to increased blowdown [13].

The pattern of changes in red-stemmed feathermoss cover in our study varied across
MPB monitoring sites [18] (see also Figure S9) contributing to the difficulty of assessing
its effects on lichen recovery after MPB attack. Feathermoss abundance pre-disturbance
was lower on edaphic sites than on transitional sites (see also [49]). At most sites, feather-
moss cover increased or was unchanged and patterns of change appeared to be influenced
by localized factors such as MPB attack and blowdown. The only decrease in feathermoss
cover was on the 98-Mile site where blowdown of overstorey trees resulted in conditions
more similar to harvested sites than to other MPB sites. Two of the sites with no detectable
change in feathermoss cover (Discovery Creek, South Discovery Creek) were also the only
two sites where there was no detectable change in cover of forage lichens, and the sites
with the lowest degree of MPB attack.

On edaphic sites, although cover of forage lichens has decreased following MPB,
cover of forage lichens in MPB stands still exceeds cover of forage lichens in harvested
areas. In the northern portion of the Tweedsmuir-Entiako caribou winter range, cover of
terrestrial caribou lichens stabilized on most sites by approximately 7-11 years following
MPB attack, but then decreased again by 15 years post-disturbance, corresponding to in-
creased blowdown [13]. Sampling during that study was conducted more frequently than
sampling during this study, providing a better opportunity to observe changes in trends
in vegetation cover. In our study, cover of forage lichens in MPB-affected stands may have
stabilized by 2016 and 2017, but the long interval between the first post-disturbance sam-
pling session and the second (current) post-disturbance sampling session has not permit-
ted us to detect it.

4.1.3. Fire

Fire severity plays a role in terrestrial lichen survival [55,56]. Forage lichens may sur-
vive low and moderate severity fires, but are eliminated by high-severity fires [55,56], and,
in low intensity fires, post-fire lichen cover has been positively related to pre-fire lichen
density [57]. Although fire severity was not assessed at the Laidman Lake prescribed burn,
the combination of tree knockdown prior to the burn, and elimination of forage lichens by
the burn, suggests that it was a high-severity burn. Red-stemmed feathermoss was also
eliminated by the prescribed burn, whereas it increased in the adjacent control/MPB site
[18].

Following fire, re-colonization of the site by forage lichens is predominantly due to
new propagules, and may also include fragmentation [42]. Although no forage lichens
have started re-colonizing the Laidman Lake prescribed burn eight years following the
fire, re-colonizing Peltigera sp. were found in two of 36 quadrats in this study. In a nearby
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wildfire, Cladonia sp. (pixie lichens) and Peltigera sp. had started re-colonizing the site by
11 years post-fire [58], consistent with Ahti’s [4] cup lichen successional stage occurring
10-30 (or 50) years following fire. Lichens may start re-colonizing burned areas by 7-10
years post-fire [59-61]. Time since fire is an important factor influencing terrestrial lichen
abundance [7,62]. However, the authors of [63] found that time since fire was not a signif-
icant indicator of lichen abundance although it was included in their top-ranked model,
which suggested that its effect was mediated through other factors affecting lichen abun-
dance. They also suggested that the lower influence of time since fire was likely due to its
inability to take into account ecological effects resulting from fire severity and intensity.

4.2. Considerations for Management

Ecological/site characteristics are important drivers in determining terrestrial lichen
abundance and forest floor vegetation dynamics. Well-drained sites provide conditions
that allow caribou terrestrial forage lichens to persist in older forests while mosses become
more abundant in older forests on mesic sites [9,64]. Forage lichens are negatively associ-
ated with potential indicators of site productivity including tree height [63,65,66] and can-
opy cover/stand density [7,37,65-67], and positively associated with canopy openness
[63]. However, basal area has been found to have both negative [62] and positive effects
[63]. Forage lichens have also been linked to broad ecological/stand types. In Yukon, co-
niferous cover types positively influenced lichen abundance [63], and in Ontario, lichens
were negatively associated with dense conifer ecosites [7]. Abundances of mosses and
other vegetation also negatively influence lichens [37,49,67].

Similarly, at the microsite level, lichens are positively associated with low moisture
and nutrient availability, and high light and heat, while feathermosses are positively as-
sociated with nitrogen availability and low light and heat [68]. Leaf area index values,
which are highly correlated with tree basal area, tree volume and volume and biomass of
dominant canopy trees, are lower at lichen-dominated microsites than at moss-dominated
microsites [11].

In addition to forage lichen abundance, forest floor vegetation dynamics post-dis-
turbance are also influenced by ecological conditions. Following a mountain pine beetle
outbreak in west-central BC, forage lichens initially decreased while dwarf shrubs in-
creased on all sites; however, after a peak in kinnikinnick (Arctostaphylos uva-ursi) cover
following attack, cover of major non-lichen ground vegetation (kinnikinnick, moss, Lin-
naea borealis, Empetrum nigrum) declined and lichens slightly increased on subxeric sites,
while non-lichen ground vegetation continued to increase while lichens stabilized or con-
tinued to decrease on submesic sites [49].

Suggested Guidelines and Recommendations for Sustaining Forage Lichens in Forests

The primary objective of this study was to assess the response of forage lichens and
competing vegetation to forest harvesting, prescribed fire, and MPB attack. The suggested
guidelines below focus on strategies for managing cover of forage lichens and should be
integrated into broader strategies for addressing effects of habitat alteration on all aspects
of caribou ecology. The recommendations for forest harvesting are based on our analyses
of results from our study on short-term responses (12-14 years) of forage lichens to forest
harvesting disturbance. As such, these should be revisited after future sampling sessions
are conducted.

1. Target edaphic sites with low levels of MPB attack as a priority for retention.
Edaphic sites with low levels of MPB attack will provide the best conditions for re-
taining terrestrial lichen abundance in the short term.

2. Target all edaphic sites for retention. Despite decreases in forage lichen abundance
following MPB on edaphic sites, cover of forage lichens in MPB stands continued to
exceed cover of forage lichens in harvested areas, 12-14 years post-harvest. Retaining
all edaphic sites for retention will provide more lichen for caribou in the short term.
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Currently, most caribou populations in southern and central BC are declining while
habitat alteration rates are high; therefore, management strategies need to support
short-term objectives for halting these declines.

3. Retention areas, especially those with low levels of MPB attack, should be designed
to reduce the potential for windthrow. Small pockets of retention within large clear-
cuts (e.g., the 98-Mile control) that will result in a high degree of blowdown in reten-
tion areas will not provide conditions favourable to forage lichens.

4.  Where forest harvesting does occur on edaphic sites, conduct harvesting during win-
ter months to retain as much of the lichen mat as possible. Although we were unable
to detect a difference between effects of winter and summer harvesting on terrestrial
lichens, other studies suggest that winter harvesting can benefit terrestrial lichens.
Forest harvesting on edaphic sites should focus on maximizing retention of the exist-
ing lichen mat.

5. Target transitional sites, especially those in later stages of succession and with
higher levels of MPB attack for re-establishing conditions favourable for forage li-
chens. Forest harvesting on transitional sites where moss has outcompeted forage
lichens should focus on re-establishing conditions that promote lichen growth, such
as making the site less hospitable for mosses and shade-tolerant competing plant spe-
cies by opening up the canopy.

6. Finally, we also recommend that researchers distinguish between edaphic and tran-
sitional sites when conducting studies on forage lichens, and effects of disturbance
on forage lichens. Few studies on the effects of disturbance on forage lichens differ-
entiate between edaphic and transitional ecological conditions in their analyses and
interpretations. Because forest floor vegetation dynamics following disturbance vary
with ecological conditions, it is important to distinguish between site types when an-
alyzing data, interpreting results and developing recommendations. In addition, re-
search on forest harvesting should also consider harvest method (whole tree and cut
to length), season (winter and summer), regeneration strategy (planting and natural)
and site preparation technique.

5. Conclusions

The differing responses of forage lichens and other ecosystem components to dis-
turbance under varying ecological conditions (e.g., edaphic versus transitional) suggests
that forest management should be tailored to the ecological characteristics/successional
type of the site. Successional type is especially important when choosing between whether
to adopt a strategy to protect (maintain) lichens and a strategy to recruit lichens back to a
site. Successional type and climatic patterns should also be considered when interpreting
results from studies on effects of disturbances on forage lichens and applying those results
to other areas.

We conclude that management strategies for sustaining forage lichens on low-eleva-
tion winter ranges should distinguish between edaphic and transitional sites and should
also consider level of MPB attack. Based on our results, in areas affected by MPB, the ob-
jective of forest management should focus on protecting and retaining forage lichens at
edaphic sites and on re-establishing forage lichens at transitional sites.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/f13020251/s1, Table S1: Average density (stems/ha) and basal area
(basal area/ha) of trees 7.5 cm dbh for each species/status for MPB monitoring sites in the Omineca
area in 2016 and 2017, Figure S1: Average percent of trees >7.5 cm dbh in each live and dead species
class based on stems/ha (top) and basal area/ha (bottom) at MPB monitoring sites in the Omineca
area in 2016 and 2017, Table S2: Average density of regeneration (stems/ha) of trees <7.5 cm dbh at
all sites/treatments in the study area in 2016 and 2017, Figure S2: Examples of regeneration at treat-
ments at the 98-Mile site (Site 1), 2016, Figure S3: Examples of regeneration at forest harvesting
treatments at the Malaput site (Site 2—Treatments 1, 6, 7, 8, 9), and in the prescribed burn at the
Laidman Lake site (Site 7—Burn), 2017, Figure S4: Examples of regeneration at treatments at the
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Phillip Lakes site (Site 3), 2016, Figure S5: Examples of stand structure and regeneration at the MPB
monitoring sites at transitional sites (top row): 98-Mile (Site 1 —No Harvest), Laidman Lake (Site 7),
Jackfish Creek (Site 8), South Discovery Creek (Site 12); and at edaphic sites (bottom row): Philip
Lakes (Site 3—No Harvest), Discovery Creek (Site 34), Upper Osilinka (Site 48), in 2016 and 2017,
Figure S6: Relative temporal responses of total cover of forage lichens to forest harvesting and pre-
scribed burn treatments (row of panels) applied at each site (column of panels) and study year (x-
axis for each panel). E=Edaphic, T=Transitional successional types. See text for description of box-
plots, Figure S7: Relative temporal responses of red-stemmed feathermoss (Pleurozium schreberi)
to forest harvesting and prescribed burn treatments (row of panels) applied at each site (column of
panels). E=Edaphic, T=Transitional successional types. See text for description of boxplots, Figure
S8: Relative temporal responses of total vascular vegetation (excluding trees) to forest harvesting
and prescribed burn treatments applied at the 98-Mile, Malaput, Phillip Lakes and Laidman Lake
study sites. E=Edaphic, T=Transitional successional types. See text for description of boxplots, Fig-
ure S9: Temporal responses of percent cover of forage lichens (top), red-stemmed feathermoss (mid-
dle) and vascular vegetation (bottom) to effects of the mountain pine beetle (MPB) outbreak. The x-
axis shows the study years. See text for description of boxplots, Table S3: Definition of variables
collected in data samples and used in analyses, Table S4: Most important two-way interactions be-
tween predictor variables for fitted BRT models containing all influential predictors, Figure S10:
Partial dependency plots assessing the effects of predictor variables on annual rates of change of
forage lichens (d/yr) following MPB disturbance on five selected sites. Y-axes are the marginal effect
on annual rate of change in cover of caribou lichens once the effects of all other variables are ac-
counted for. Numbers in brackets give the relative influence of each predictor variable. Rug plots at
inside top of each plot show the distribution of samples (treatments x quadrats/treatment) across
the respective variable, in deciles. Abundances shown are: the initial (pre-disturbance) measure-
ment (I); the most recent (post-disturbance) measurement (R2); and the annual rate of change in
abundance since the initial measurement (d/yr [R2-I]), Figure S11: Partial dependency plots as-
sessing the effects of the predictor variables on annual rates of change of forage lichens (chg or d/yr)
following forest harvest. Y-axes are the marginal effect on annual rate of change in cover of caribou
lichens once the effects of all other variables are accounted for. Numbers in brackets give the relative
influence of each predictor variable. Rug plots at inside top of each plot show the distribution of
samples (treatments x quadrats/treatment) across the respective variable, in deciles. Abundances
shown are: the initial (pre-disturbance) measurement (I); the most recent (post-disturbance) meas-
urement (R2); and the annual rate of change in abundance since the first re-measurement (d/yr [R2-
R1]).
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