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Abstract

We compared three methods for estimating current-year spruce budworm (Choristoneura fumiferana (Clem.)) defoliation from
2014 to 2021 using a network of 99 permanent sample plots in central Gaspé Peninsula, Québec. Percent current-year defolia-
tion was measured by assessing shoots from mid-crown branches, ocular ratings of all individual trees using binoculars, and
provincial government aerial surveys. Ocular survey defoliation differed from branch sample defoliation in 5-6 out of 7 years,
consistently underestimating defoliation, across the full range of defoliation severity observed. Nested mixed-effect models for
fir-spruce combined, balsam fir, white spruce, and black spruce ocular survey defoliation bias resulted in marginal R? of 0.40,
0.47, 0.82, and 0.86, respectively. Current defoliation severity and its interaction with previous year defoliation and weather
conditions significantly affected ocular survey bias. Correspondence of aerial survey estimates and mean plot defoliation oc-
curred in only 43% of all plot-years and ranged from 14%-58% in individual years. Differences between aerial survey defoliation
and plot values mainly resulted from assigning an adjacent class (e.g., light <30% assigned as moderate 31%-70% defoliation) or
misplaced defoliation polygon boundaries, suggesting that assignment of aerial survey defoliation to plots or specific ground

areas needs ground truth sampling.
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Introduction

Eastern spruce budworm (Choristoneura fumiferana (Clem.);
SBW) is the most important natural disturbance agent in bal-
sam fir (Abies balsamea (L.) Mill.)-spruce (Picea sp.) forests in
eastern North America. SBW defoliation peaked at over 50
million hectares (ha) in the late 1970s (Blais 1983; Kettela
1983). SBW outbreaks, which typically last for 10+ years of
annual defoliation, result in volume growth reductions of up
to 90% (Ostaff and MacLean 1995) and tree mortality averag-
ing 85% in mature balsam fir stands (MacLean 1980). During
the 1970s-1990s SBW outbreak, defoliation caused 238 mil-
lion m® of mortality in Québec (Coulombe Commission 2004),
with economic losses estimated at $12.5 billion (Lévesque
et al. 2010). An SBW outbreak on 2.8 million ha of provin-
cial Crown land in New Brunswick was projected to result
in timber supply reductions of 29-43 million m® and eco-
nomic losses of $25-35 billion (Liu et al. 2019). Mitigation
strategies for SBW outbreaks include (1) pre-outbreak silvi-
culture or forest management to reduce balsam fir occur-
rence and increase less susceptible spruce, mixedwood, or
hardwood stand types, (2) salvage harvesting severely defoli-
ated stands, (3) aerial spraying of bioinsecticides (e.g., Bacillus
thuringiensis var. kurstaki (Btk) or tebufenozide) for foliage pro-
tection to keep trees alive and growing, or (4) aerial spraying
of insecticides under an early intervention strategy to iden-
tify and treat low but increasing SBW population “hot-spots”
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before defoliation occurs (Johns et al. 2019; MacLean et al.
2019).

Forest managers rely on accurate estimates of annual de-
foliation at tree, stand, and landscape scales to inform forest
protection operations, to monitor the changing extent and
severity of SBW outbreaks, and to predict impacts on tree
growth and mortality (e.g., MacLean et al. 2001). Defoliation
can be assessed as the percentage of current-year needles re-
moved, at the shoot, branch, tree, plot, or stand level, using
one of four methods:

1. Branch sampling, also termed the shoot-count or Fettes
method (Fettes 1950), is the most accurate and time-
consuming method. One mid-crown branch per tree col-
lected using pole pruners is the accepted sample for both
SBW larval population and defoliation (Sanders 1980),
with defoliation rated on a sample of current-year shoots,
and a sufficient number of branches per plot assessed
(MacLean and MacKinnon 1998). There were no signifi-
cant differences in SBW defoliation among tree crown lev-
els (Fettes 1950; MacLean and Lidstone 1982). MacLean
and MacKinnon (1998) reported the number of shoots
per branch and branches per plot required to estimate
SBW defoliation with 90% or 95% probability that the 95%
confidence interval is within +£10% defoliation; sample
sizes varied as a function of tree species and defoliation
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severity, with about 25 shoots/branch and a range of 7-
24 branches per plot required. A shoot-count estimate of
defoliation for a mid-crown branch had a relative error
of £7%, compared to multiple samples per tree (MacLean
and Lidstone 1982). The main advantage of the Fettes or
shoot-count branch sampling of defoliation is having a
branch in hand, so the observer can accurately identify
current-year shoots and estimate the percentage of nee-
dles per shoot removed by SBW feeding.

2. Ocular surveys to rate defoliation of individual trees
as a percentage of needles removed from current-year
shoots are conducted by trained observers using binoc-
ulars. These use an identical measure of defoliation as
branch sampling, but the observer is at some distance
from the tree; he or she must first identify current-year
shoots in the crown and estimate the mean percentage
of needles removed on these current-year shoots through-
out the crown. Ocular surveys are efficient and can have
an error of £12% with an experienced observer but can
be biased towards overestimation at low defoliation levels
(error 20%-30% defoliation), and previous-year severe de-
foliation can cause overestimation of current defoliation
by 30%-40% (MacLean and Lidstone 1982).

3. Aerial surveys are commonly used to estimate current-
year defoliation for large areas, during a 2-3 week period
after SBW larval feeding ends, when the damaged or dead
foliage turns reddish-brown. SBW is a wasteful eater and
does not consume the entire needle; a distinct reddish-
brown coloration of dry foliage appears, as a result of bud-
worm severing and webbing together needles into a “feed-
ing tunnel” in the process of feeding (MacLean and MacK-
innon 1996). The degree of reddening of foliage is related
to the percentage of needles removed. Observers in fixed-
or rotary-wing aircraft systematically fly flight lines over
defoliated forests and categorize areas into current-year
defoliation categories, typically light (<30% of current-
year foliage removed), moderate (30%-70%), and severe
(>70%) (e.g., Carter and Lavigne 1993 for New Brunswick
surveys; Candau et al. 2000 for Ontario). Aerial defolia-
tion surveys are intended to delimit the extent and sever-
ity of current SBW feeding, are used for forest manage-
ment planning (e.g., salvage harvesting and insecticide
treatments), and provide a good measure of year-to-year
fluctuations in SBW populations over large areas (Kettela
1983). However, in recent years, these regional aerial sur-
vey defoliation values have also been used to assign defoli-
ation level at a plot or small area level, e.g., for evaluation
of SBW defoliation effects on tree mortality (Houndode et
al. 2021), catchment discharge (Sidhu et al. 2024), aquatic
nutrient cycling (Woodman et al. 2021), landscape pat-
terns of outbreak risk (McNie et al. 2023), habitat of
woodland caribou and moose (Chagnon et al. 2022), and
modulation of climate effects of tree growth (Boakye et
al. 2022). Accuracy of aerial surveys has been found to
vary from 32% (Donovan et al. 2021) to 82% (MacLean
and MacKinnon 1996). Errors arise due to observer bias,
incorrect georeferencing, poor weather conditions (high
winds, heavy rains, or hail showers that remove the "red
stage" foliage), or poor visibility (e.g., haze) during flights
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(MacLean and MacKinnon 1996; Taylor and MacLean
2008).

4. Satellite remote sensing is recently being used for defo-
liation detection. Satellite remote sensing of defoliation
is potentially less costly and subjective than aerial sur-
veys (Hall et al. 2016; Rahimzadeh-Bajgiran et al. 2018).
Sentinel-2-derived spectral vegetation indices, in particu-
lar red-edge indices, in Random Forest models were able
to detect and classify SBW defoliation in three classes (nil,
light, and moderate) with overall error of 17% (Bhattarai et
al. 2020), although the reference data were derived from
a roadside survey in which a spotter (passenger) observed
the tree line from a slow-moving vehicle for signs of de-
foliation and rated it in four percentage classes. Recent
Sentinel-2 satellites have higher spectral, spatial, and tem-
poral resolutions and additional spectral bands in the red-
edge regions, compared to Landsat, which make them
suitable for timely detection of SBW defoliation (Bhattarai
et al. 2020). Both New Brunswick and Québec provincial
governments are using satellite imagery to detect SBW de-
foliation and supplement or replace aerial surveys (New
Brunswick Department of Natural Resources and Energy
Development (NBDNRED 2022, 2023); Québec Ministere
des Foréts de la Faune et des Parcs (QMFFP 2022)). New
Brunswick in 2021 and 2022 used Sentinel-2 imagery and
change-detection tools developed in ArcGIS to map reduc-
tion in the photosynthetic capacity of fir or spruce, us-
ing the normalized difference red edge index (NBDNRED
2022). Québec used harmonized Landsat Sentinel data
to calculate the normalized burn ratio vegetation index,
which was translated into defoliation classes by aerial sur-
vey experts based on visual interpretation of nearby aerial
surveys (QMFFP 2022).

In this study, we evaluated and compared ocular, branch
sampling, and aerial survey methods of estimating current-
year SBW defoliation, using an intensive defoliation dataset
collected from 2014 to 2021 in 99 sample plots in the Gaspé
Peninsula, Québec. More than 9500 branch samples and
nearly 28 000 ocular tree defoliation assessments were con-
ducted. Objectives were to (1) compare mean plot-level an-
nual defoliation, by SBW host species, of ocular surveys ver-
sus branch sampling; (2) evaluate bias and the impact of
SBW host species, defoliation severity, previous defoliation,
weather conditions, and observer experience on accuracy of
ocular defoliation estimates; and (3) compare 7 years of aerial
survey defoliation relative to mean branch sample defolia-
tion estimated at the plot level for the same areas.

Methods

Study area and sample plot design

The study area was in the central Gaspé Peninsula of
Québec, a section of the Great Lakes-St. Lawrence Forest Re-
gion (Rowe 1972). It is characterized as a balsam fir-white
birch (Betula papyrifera Marshall) mixed forest (Bélanger et al.
1992), with rolling topography, river valleys, and alluvial flats
(Rowe 1972). SBW defoliation was first detected in the study
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area by Québec government annual aerial surveys in 2012.
Ninety-nine circular (400 m?; 22.6 m diameter) sample plots
were established in 2014, usually with 3-5 plots an average
of 100 m apart within stands. Plot locations were selected to
represent balsam fir-dominated (>60%) stands and a range of
current defoliation levels, with a target of 10 plots in each
10% current defoliation class (0%-10%, 11%-20%, etc.). From
2014 to 2021, salvage harvesting gradually reduced the total
number of available plots to 56. Each plot tree >3 cm diame-
ter at breast height (DBH; at 1.3 m) was measured for species,
DBH, total and live crown heights, crown widths in the four
cardinal directions, and location (distance and azimuth direc-
tion from plot center). Plot species compositions were dom-
inated by SBW host species with 64% balsam fir, 19% black
spruce, 9% white spruce, and 8% non-host species (percent
basal area). Further description of the sample plot network is
available in Donovan et al. (2018).

Annual assessment of current defoliation in

sample plots

Defoliation was measured each year from 2014 to 2021,
except for 2020 because of COVID travel restrictions, using
both shoot-count and ocular survey methods. Sampling oc-
curred soon after SBW feeding had ceased, in late July to
early August. In the shoot-count method, pole pruners were
used to collect one mid-crown branch from 15 randomly se-
lected trees per host species per plot. One mid-crown branch
is representative of defoliation on trees of all sizes (Sanders
1980; MacLean and Lidstone 1982) and is a valid method for
sampling SBW larval numbers (Sanders 1980) and defoliation
(MacLean and Lidstone 1982). The largest variability in defo-
liation occurred between trees, not within trees; there were
no significant differences in defoliation between tree quad-
rants (north, south, east, and west) or crown levels (top, mid-
dle, and bottom) (Fettes 1950; MacLean and Lidstone 1982).
Neither branch defoliation error nor ocular defoliation error
are related to tree size (basal area). Sample sizes were based
on MaclLean and MacKinnon (1998), who sampled 172 000 in-
dividual shoots rated for SBW defoliation from nearly 7000
mid-crown branches and determined the number of shoots
needed to estimate the mean defoliation per branch and
number of branches (one mid-crown branch per tree) needed
to estimate mean defoliation per plot, with a confidence in-
terval of +10% with 90% confidence. Sample sizes varied with
the level of defoliation and ranged from 7 to 24 branches per
plot and from 19 to 44 shoots per branch (MacLean and MacK-
innon 1998), with the largest samples required at intermedi-
ate defoliation levels. In the current study, involving a large
number of plots with varying defoliation levels assessed for
7 years, we used consistent sample sizes of one mid-crown
branch from each of 15 trees per plot and defoliation as-
sessed on each of 25 randomly selected current-year shoots
per branch (Fettes 1950). In the shoot-count method, the ob-
server estimates the percentage of needles that are missing or
dead on each sampled shoot on a branch in hand. MacLean
and Morgan (1981) evaluated visual estimates of individual
shoots compared to counts of actual number of needles per
shoot, assessed using the phyllotactic (spiral) arrangement of
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needles on over 500 balsam fir shoots. Mean percent error per
tree ranged from 1.2% to 6.0% and averaged 4.9%. For consis-
tency, both ocular and branch sample methods used the same
seven percentage defoliation classes: 0%, 1%-20%, 21%—-40%,
41%-60%, 61%-80%, 81%-99%, and 100% (Piene et al. 1981).

The ocular defoliation estimation method also assessed
percentage of needles missing or dead on current-year shoots
on a tree, but by scanning the tree with binoculars, iden-
tifying current-year shoots throughout the crown, and as-
signing a mean percent defoliation class per tree. Observers
were trained to identify current-year shoots using binoculars
and in assigning the 20% defoliation classes, to consider the
class midpoints in deciding “borderline” cases (e.g., if a single
shoot or all shoots on a tree seemed to be about 40% defoli-
ated, is it more like the 30% midpoint of the 21%-40% class
or the 50% midpoint of the 40%-60% class?). It is feasible to
estimate percent defoliation of the current shoots or cumu-
lative defoliation of all shoots per tree and has been used in
published studies since the 1970s. For ocular surveys, each
SBW-host tree >10cm DBH was assessed using binoculars
by a trained observer viewing the entire tree crown for de-
foliation. In total over the 7years, a total of 9541 branches
were sampled and 27962 individual tree ocular defoliation
assessments were completed. The distribution of branches
and trees sampled reflected the balsam fir-dominant plot
composition: 70% of the branches and 77% of the trees sam-
pled were balsam fir, 22% and 16% were black spruce, and 8%
and 7% were white spruce.

We initially analyzed only the subset of trees from which
branch samples were collected and compared ocular versus
shoot-count defoliation estimates taken on the same trees
(included as Supplementary Figs. S2 and S3), for all years
combined (n = 549) and by year. We then calculated mean
defoliation per plot weighted by tree basal area (Hennigar
et al. 2008), which accounts for tree size such that larger
trees with larger crowns and more foliage contribute more
to mean plot defoliation. Mean annual ocular defoliation per
species per plot was calculated by assigning class midpoints
to each assessed tree, weighting defoliation by tree basal area
to the total host-species basal area per plot, summing val-
ues, and dividing by number of trees. Mean annual branch
defoliation per species per plot was calculated by averag-
ing assessed current-year shoots per branch and branches
per plot and weighting defoliation by the species basal area
to total basal area per plot. We tested whether weighting
by basal area significantly altered the correlation between
shoot-count and ocular defoliation methods (Supplementary
Fig. S1) and found identical correlation for the 7 years com-
bined and annual correlation coefficient ranges of 0.65-0.89
(weighted; used in the text) versus 0.64-0.93 (unweighted;
Supplementary Fig. S1).

Aerial surveys of SBW defoliation are possible because SBW
larvae sever and web together needles in the process of feed-
ing, which results in a distinct reddish-brown coloration with
the degree of redness related to defoliation of current-year fo-
liage (Sanders 1980; Kettela 1983; Hardy et al. 1986; MacLean
and MacKinnon 1996). Aerial surveys of SBW defoliation have
been used by most provincial governments in Canada annu-
ally since the 1940s, generally using three defoliation classes
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(light 11%-30%, moderate 31%-70%, and severe 71%-100%;
areas with no noticeable defoliation assigned to a nil 0%-
10%) class (e.g., Carter and Lavigne 1993). The specific Québec
aerial survey is similar to that of other jurisdictions in as-
sessing defoliation in three classes (light, moderate, and se-
vere) and is carried out by airplane at an altitude of about
240m at a speed of 200 km/h, with a distance of 4.5 km be-
tween the flight lines (Quebec Ministere des Ressources Na-
turelles et des Foréts 2023). Defoliation is captured using a
touch screen computer equipped with PC-Mapper software,
making it possible to digitize in real time the damage ob-
served from the air. To facilitate the work of the observer, a
layer of polygons of susceptible stands merged with the con-
tours of historical observations and a topographic map that
reproduces the route of the plane are used and displayed in
the background. The relationship between the reddish color-
ing of foliage to percent defoliation is well-established, has
been used for decades, and is also apparent visually at the
branch and tree level. Annual aerial defoliation survey data
were provided by the Québec government (e.g., QMFFP 2021).
Québec aerial surveys further describe the three defoliation
classes as light—slight loss of foliage in the upper third of
the crown; moderate—loss of foliage in the upper half of the
crown of most trees; and severe—loss of foliage across the
crown length of most trees (QMFFP 2021). To compare aerial
survey defoliation with plot-level branch defoliation data, we
assigned the three aerial defoliation classes as light <30%,
moderate 30%-70%, and severe >70%; these are the percent
defoliation class thresholds used in New Brunswick (MacLean
and MacKinnon 1996), Ontario (Candau et al. 2000), and other
jurisdictions (e.g., Waters et al. 1958; Dorais and Kettela 1982;
Kettela 1983).

Comparing defoliation from ocular and aerial

surveys with branch sampling

The measure of defoliation is the same in all three
methods—namely percentage of current-year needles re-
moved. SBW larvae strongly preferentially consume current-
year foliage and will only feed on older age classes of foliage
if all current-year foliage is gone. Defoliation is assessed di-
rectly in the shoot-count and ocular methods and via correla-
tion with foliage reddening in the aerial surveys. The differ-
ence between the three methods is essentially scale or prox-
imity of the observer to the defoliation and ease of accurate
assessment of amount of defoliation. With the shoot-count
method, the observer has a branch in hand, can easily iden-
tify current-year shoots, and examine each of 25 individual
shoots to calculate a mean percent defoliation level for the
branch. With the ocular method, the observer stands sev-
eral meters from the tree and scans the crown with binoc-
ulars, identifying current-year shoots (most easily at the tips
of branches), estimates in 20% classes how much current-year
foliage has been removed, and assigns a class per tree. With
aerial surveys, the observer is flying in an aircraft at 200 km/h
speed, at an altitude of 240m or higher, with flight lines
4.5km apart, and is mainly observing the degree of redness
of trees below. Both ocular and aerial survey accuracy are in-
fluenced by weather conditions and crown illumination con-
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ditions; in fact, in some years, aerial surveys use fewer classes
because of poor conditions (MacLean and MacKinnon 1996).
In training field crews to conduct ocular defoliation assess-
ments, good practice is to take branch samples from training
trees, so the observer can identify current-year shoots and de-
foliation level close-up.

In this analysis, we assumed that detailed branch sampling
with 15 mid-crown branches and assessing a total of 375
shoots per species per plot provided the most accurate as-
sessment of current-year defoliation per plot. Branch sam-
pling using the shoot-count method is the “gold standard”
among the three methods, given that sufficient shoots per
branch and branches per plot are sampled to provide the de-
sired accuracy and confidence level to determine mean de-
foliation per plot (Fettes 1950; Sanders 1980; MacLean and
Lidstone 1982; MacLean and MacKinnon 1998). We therefore
compared mean ocular survey current-year defoliation (one
binocular estimate per host tree per plot) with mean branch
sample defoliation (15 mid-crown branches per plot), each
year from 2014 to 2021 using Pearson’s correlations to assess
the linear relationship and LOESS (locally estimated scatter-
plot smoothing) regression, a non-parametric technique that
uses local weighted regression to fit a smooth curve through
points in a scatter plot. LOESS was used because of indica-
tions of nonlinear relationships and was implemented using
the "geom_smooth" function in the ggplot2 package, setting a
confidence interval = 0.95 and span = 0.75 (Wickham 2016).
Defoliation data from branch sampling and ocular surveys
were first tested to determine whether normal data distribu-
tions existed and what parametric or non-parametric statis-
tical comparison methods should be selected. The Shapiro-
Wilk normality test analyzed the data distributions of defo-
liation per plot per year for each method using R statistical
software (R Core Team 2023). Results indicated non-normal
distributions for both datasets. Percent difference and bias of
ocular and aerial surveys versus branch sampling were calcu-
lated for each plot. Non-parametric statistical pairwise tests
between ocular survey and branch sampling percent defolia-
tion per plot per year were completed using the Wilcoxon’s
signed-rank and the two-sample Kolmogorov—-Smirnov tests.
The Wilcoxon’s signed-rank test evaluates a null hypothe-
sis that the defoliation medians for the two methods are
equal, while the Kolmogorov-Smirnov tests a null hypothesis
that the two defoliation datasets have common shape distri-
butions based on the cumulative distribution function. Re-
sults of the largest absolute difference between percent de-
foliation (test statistic D) and p value were reported for the
Kolmogorov-Smirnov test.

To compare aerial survey defoliation with plot-level defoli-
ation based on the Fettes method each year, the “spatial join
tool” within ArcGIS Pro 3.1.3 (ESRI 2023) was used to identify
the aerial survey defoliation polygon to which each plot be-
longed each year. Then for each year and plot, we assigned
a defoliation class based on the value from the branch sam-
pling and compared it with the class of the encompassing
polygon. The fact that a plot had a different class than that
of the encompassing aerial survey polygon is not evidence of
a labeling error in the polygon, but we can assess, for each
aerial survey category of polygons, over the 7 years sampled,
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to what degree the Fettes-based defoliation of plots agreed
with the class of their aerial survey polygon. Confusion matri-
ces appropriate for summarizing classification data were gen-
erated for aerial survey data versus plot mean branch samples
per year (Congalton 1991; Stehman and Foody 2019).

Mixed-effect modeling of variables influencing

ocular survey defoliation bias

To examine covariates or factors affecting ocular survey de-
foliation bias, nested mixed-effect models were fit using R
version 4.3.1. (R Core Team 2023) and the Ime4 package (Bates
et al. 2015). Nested mixed-effect models examined four tree
species datasets based on response variables for plot-average
ocular survey defoliation bias (e.g., percent current-year defo-
liation derived from the branch sample Fettes method minus
ocular estimates) for all SBW host species, and single species
datasets for balsam fir, white spruce, and black spruce. Fixed-
effect explanatory variables included percent current branch
defoliation severity, percent previous year ocular defoliation,
percent previous cumulative ocular defoliation, and random-
effect factors weather condition during ocular surveys (three
levels: cloudy, sun/cloud, and sunny) and observer experi-
ence (two levels: no experience—trained during sampling
and experienced—having at least 1year of ocular survey ex-
perience). Similar variables were previously identified as in-
fluencing the precision and accuracy of ocular surveys of
SBW defoliation in previous outbreaks (MacLean and Lid-
stone 1982). Nested mixed-effect models accounted for data
dependence/sample plot resampling by defining a random-
effect structure with sample plots nested within stands.

Identifying optimal nested mixed-effect models was
achieved following general model selection guidelines and
model assumption checks described by Zuur et al. (2009).
Covariates were first rescaled by centering (e.g., subtract-
ing their means from each observation), to reduce vari-
ablefinteraction collinearity (Quinn and Keough 2002). Fac-
tors weather and observer experience were re-leveled setting
sunny and experienced observers as model baseline reference
levels, inferring ideal conditions for conducting ocular sur-
veys. Model selection started with a beyond optimal nested
mixed-effect models containing all variables and two-way
interaction terms using maximum likelihood estimation of
variance components. At each model iteration, a single term
(starting with interaction terms) identified as the least signif-
icant based on Analysis of variance (Type III Satterhwaite’s
method) was dropped from successive models. Model perfor-
mance was evaluated by metrics, including Akaike informa-
tion criterion, Bayesian information criterion, conditional R?,
marginal R?, and likelihood ratio tests. Additional consider-
ation for identifying optimal models involved checking mul-
ticollinearity, which can reduce the accuracy of regression
coefficient estimates making “true” effects harder to detect
(Quinn and Keough 2002; Harrison et al. 2018). Variance in-
flation factors (VIFs) were calculated during each model it-
eration and variables with VIFs > 10 were considered prob-
lematic (Dormann et al. 2013), and models were further sim-
plified until all VIFs < 10. Finally, optimal model summary
performance was presented using restricted likelihood esti-
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mation of variance components, which is less biased than
maximum likelihood (Zuur et al. 2009).

Further interpretation of final models focused on the effect
size of explanatory variable interactions and was completed
by post-hoc comparisons of simple slopes. Simple slope analy-
sis rather than comparing estimated marginal means is more
appropriate when interaction terms include covariates. In-
teractions involving two covariates were explored by select-
ing representative grouping levels, namely the mean minus
1 standard deviation, the mean, and the mean plus one stan-
dard deviation as grouping levels, to aid in visualizing inter-
action effects. These resulted in low, moderate, and severe de-
foliation levels; for example, these values for current branch
defoliation severity were 19%, 46%, and 72% defoliation all
fir-spruce and 23%, 52%, and 80%, respectively, for balsam
fir. Significance testing of slopes and visualization was com-
pleted using the emmeans package (Lenth 2023).

Results

Variability in defoliation among branch

samples, species, and years

The first defoliation (<30%) observed in the study plots
occurred in 2011, based on sampling previous foliage age
classes when the plots were established in 2014, and balsam
fir trees were defoliated <50% in 2012 and <70% in 2013 (Fig.
1). The 2011-2013 data were excluded from subsequent ac-
curacy analyses because they were available only for branch
samples. There was considerable variability among branches
sampled within a plot, species, and year, shown by the ver-
tical “columns” of individual branch values for a given plot
mean defoliation (Fig. 1). Black spruce defoliation was gener-
ally <60% for individual branches and <40% for plot means,
while plot mean defoliation of white spruce was up to 80%
and balsam fir was up to 100% (Fig. 1). It is noteworthy how
widely defoliation varied among branches within a plot, espe-
cially at moderate plot mean levels, often ranging from <10%
to >80% within a single plot and year (Fig. 1). Variability was
lower for light and severe defoliation levels (Fig. 1).

Comparison of ocular survey and branch

sampling defoliation

We initially compared ocular survey and branch sample
defoliation using only the subset of trees sampled for both
(n = 1067-1612 in 7 years; Supplementary Fig. S2). This
showed wide variability within defoliation classes, Pearson’s
correlations ranging from 0.51 to 0.87 by year, an overall cor-
relation of 0.74 for all years, and a consistent tendency to
underestimate defoliation at high levels (Supplementary Fig.
S2). Relationships for means per plot were similar, with Pear-
son’s correlation coefficients of relationships between ocular
and branch sample defoliation averaging 0.80 over 7 years
and ranging from r = 0.65-0.89, with 2016 and 2017 show-
ing the highest and lowest correlations, respectively (Figs.
2a-2h). Mean defoliation per plot calculated without weight-
ing by tree size had similar patterns (Supplementary Fig. S1).
LOESS regressions showed that ocular survey estimates con-
sistently underestimated branch sample defoliation, particu-
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Fig. 1. Variability of current branch defoliation samples from 2011 to 2021 among host tree species plotted against mean

branch defoliation per plot. Fifteen mid-crown branches were

sampled in each plot each year, so vertical “columns” of data

represent individual plot-years. Black lines represent the 1:1 relationship.
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larly at defoliation >50% (Fig. 2). The underestimates were
greatest in 2017-2019 (Figs. 2d-2f) and least in 2015-2016
(Figs. 2b and 2c), and for all years combined, deviations de-
clined at the highest defoliation levels (Fig. 2h).

Plotting ocular defoliation bias (i.e., plot mean branch sam-
ple minus ocular estimates) by year, for all fir-spruce com-
bined and by species, showed that mean differences were
consistently negative, with ocular surveys underestimating
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defoliation (Fig. 3). For all fir-spruce combined, the ocular
survey mean bias ranged from —5.2% in 2015 to —18.7% in
2017 (Fig. 3a). By species, ocular survey bias per year ranged
from —15.4% to —30.2% for balsam fir (Fig. 3b), from —11.0% to
—39.1% for white spruce (Fig. 3c), and from —3.2% to —20.3%
for black spruce (Fig. 3d). About 20 plot-years had deviations
>—60% for balsam fir (Fig. 3b), while only one case for black
spruce and four cases for white spruce had ocular underesti-
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Fig. 2. Comparison of mean ocular survey defoliation (one binocular estimate per host tree per plot) with mean branch sample
defoliation (15 mid-crown branches per plot) from 2014 to 2021. Pearson’s correlations (r) are reported measuring the linear
relationship; LOESS regression lines (red dashed lines, with 95% confidence interval in grey) were fit each year, and the solid

black line shows the reference 1:1 benchmark.
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mates that large (Figs. 3c and 3d). Conducting a similar anal-
ysis using only the subset of branch sampled trees showed
somewhat lower bias, especially for balsam fir and black
spruce (Supplementary Fig. S3).

Wilcoxon’s signed-rank pairwise testing of ocular survey
versus branch sampling for all fir-spruce combined and
by species showed that medians differed in all years and
species except for black spruce in 2018 (Table 1). Two-sample
Kolmogorov-Smirnov testing, comparing ocular surveys and
branch sampling for all fir-spruce combined, rejected the

Can. J. For. Res. 54: 725-740 (2024) | dx.doi.org/10.1139/cjfr-2023-0240

null hypothesis that the shape distributions were similar in 5
out of 7 years (all except 2015 and 2021) (Table 1). By species,
Kolmogorov-Smirnov tests concluded that ocular surveys dif-
fered from branch sampling defoliation in all years for bal-
sam fir and in 5 out of 7years for black spruce and white
spruce (Table 1). The D statistic reporting the largest absolute
difference in pairwise comparisons for all fir-spruce com-
bined ranged from 0.22 to 0.47 for tests rejecting the null
hypothesis versus 0.11 and 0.23 in 2015 and 2021 when ocu-
lar and branch samples did not differ (Table 1).
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Fig. 3. Box plots showing differences in mean plot-level ocular survey defoliation compared to mean defoliation of 15 branches
sampled per plot, by spruce budworm host species and year. Hollow black circles represent individual sample plot data and
the red x’s are the annual means.
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Table 1. Non-parametric pairwise Wilcoxon’s signed-rank and two-sample Kolmogorov-Smirnov test results comparing ocular
survey and branch sampling of plot-level annual defoliation from 2014 to 2021.

Kolmogorov-Smirnov test?® Wilcoxon’s signed-rank test®
p value D statistic® p value

All Balsam  Black White All Black White All Black White
Year species fir spruce spruce species Balsam fir spruce spruce species Balsam fir spruce  spruce
2014 0.01 <0.01 <0.01 <0.01 0.25 0.32 0.82 0.77 <0.01 <0.01 <0.01 <0.01
2015 0.66 <0.01 0.02 0.01 0.11 0.29 0.40 0.64 0.003 <0.01 <0.01 <0.01
2016 0.02 <0.01 0.04 0.26 0.23 0.34 0.40 0.42 <0.01 <0.01 0.02 <0.01
2017 <0.01 <0.01 <0.01 <0.01 0.47 0.58 0.70 0.90 <0.01 <0.01 <0.01 <0.01
2018 0.02 <0.01 0.24 0.05 0.24 0.38 0.30 0.60 0.01 <0.01 0.06 <0.01
2019 <0.01 <0.01 <0.01 <0.01 0.42 0.52 0.68 0.89 <0.01 <0.01 <0.01 <0.01
2021 0.10 <0.01 0.39 <0.01 0.23 0.45 0.33 0.89 <0.01 <0.01 <0.01 <0.01
All years <0.01 <0.01 <0.01 <0.01 0.22 0.35 0.43 0.57 <0.01 <0.01 <0.01 <0.01

Note: Non-significant cases (i.e., where both methods led to similar results) are bolded.

2The Kolmogorov-Smirnov tests a null hypothesis that the defoliation results from both methods have a common shape distribution based on the cumulative distribution
function.

PThe D statistic reports the largest absolute difference between pairwise comparisons.

“The Wilcoxon’s signed-rank tests a null hypothesis indicating that the defoliation medians for the two methods are similar.
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Table 2. Nested mixed-effect model summaries for final models examining ocular survey defoliation bias (%) combining all
SBW host species (ALL), balsam fir (BF), white spruce (WS), and black spruce (BS) estimates.

Model goodness-of-fit
performance®
Sample plot
Final model observations No. var.? Final model’s explanatory variables® Cond.R>  Marg. R?
ALL7 549 9 CBDS + PYCD + PCuD + W + OE + CBDS*PYCD + CBDSx«W + PYCD«*OE 0.55 0.40
+ CBDS*PCuD
BF5 527 11 CBDS + PYCD + PCuD + W + OE + CBDS*PYCD + CBDSx«W + PYCD«*OE 0.77 0.48
+ CBDS*PCuD + PYCD*PCuD + WxOE
BF10 527 3 CBDS + PYCD + CBDS+PYCD 0.71 0.47
WS10 81 3 CBDS + W + CBDSxW 0.92 0.82
WS11 81 2 CBDS + W 0.91 0.80
BS11 167 2 CBDS + PYCD 0.92 0.86

Note: Supplementary Tables S1-S5 summarize model testing and selection and final explanatory variable significance, variance inflation factors, and effect sizes.

Number of explanatory variables (plus interaction terms) included in final models.

bExplanatory variable abbreviations: previous year current ocular defoliation (PYCD); previous cumulative ocular defoliation (PCuD); current branch defoliation severity

(CBDS); weather condition (W); and observer experience (OE).

¢Conditional R? explains model variance for both fixed- and random effects, whereas the marginal R? explains the variance only for fixed effects. Model results are
presented using the less biased method of estimating the variance components known as restricted maximum likelihood.

Variables and factors influencing ocular survey

defoliation bias

Details of selection of the best nested mixed-effect model
analyses of ocular defoliation bias are presented in Sup-
plementary Tables S1-S4. The final models varied in com-
plexity among all fir-spruce species (ALL), balsam fir (BF),
white spruce (WS), and black spruce (BS) (Table 2). The BF
and ALL models were complex including 11 and 9 variables
and interactions significantly affecting ocular bias, whereas
the WS and BS models had only 3 and 2 variables, respec-
tively (Table 2). Simplified models for BF and WS with only
3 and 2 variables were almost as good as the best mod-
els (Table 2). Ocular defoliation bias was significantly af-
fected by current branch defoliation severity in all grouped
fir-spruce and individual tree species models, and previ-
ous year current defoliation, weather, and their interactions
were also significant (Table 2). Only the most complex mod-
els for ALL and BF included observer experience and pre-
vious cumulative defoliation (Table 2). Ocular bias model
goodness-of-fit metrics conditional R? and marginal R? were
highest for BS11 (0.92, 0.86) and WS10 (0.92, 0.82) models
and lower for ALL7 (0.55, 0.40) and BF10 (0.71, 0.47) models
(Table 2).

We have displayed ocular bias model interaction term ef-
fect sizes in Figs. 4 and 5 based on estimated simple slope dif-
ferences. Ocular defoliation underestimation bias increased
with current branch defoliation severity under all weather
(cloudiness) conditions (Figs. 4a—4c). However, underestima-
tion bias was significantly less under sunny weather con-
ditions than under either sun and cloud or cloudy condi-
tions when current branch defoliation severity was ~20%—
50% (Figs. 4a—4c). Ocular bias for the ALL species model was
low under low current defoliation and all previous year de-
foliation levels, but under moderate and severe current defo-
liation, underestimation decreased with increasing previous
year defoliation (Fig. 4d). Ocular defoliation underestimation
generally was greater for severe than moderate or light cur-
rent defoliation (Figs. 4d-4g) and increased with previous cu-
mulative defoliation (Figs. 4/-4g).
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Ocular defoliation underestimation was low for experi-
enced observers under all previous year defoliation levels but
decreased as previous year current defoliation increased for
inexperienced observers (Figs. 5a and 5b). Bias was signifi-
cantly lower for experienced observers under both sun and
cloud and sunny conditions (Fig. 5c). The ocular bias model
for BS contained only main effects of current branch defolia-
tion severity, which had a large effect size (Supplementary Ta-
ble S5) indicating a strong negative relationship with ocular
survey bias with a correlation of r = —0.91 (Fig. 5d), and pre-
vious year defoliation, which had a positive trend but with
a smaller effect size (Supplementary Table S5) and smaller
correlation of r = 0.23 (Fig. 5e). Ocular defoliation bias for
BF had an interaction between previous cumulative defolia-
tion grouped by previous year defoliation, which indicated
a constant negative bias of ~20% with severe previous year
current defoliation across the full range of previous cumu-
lative defoliation (Fig. 5f), but under low-moderate previous
year defoliation, ocular survey bias became increasingly neg-
ative with increasing previous cumulative defoliation (Fig. 5f).
Additional variable significance and effect size results are pre-
sented in Supplementary Table S5. Large effect sizes (~0.14;
Cohen 1988) occurred for current branch defoliation severity
(0.20 for ALL fir-spruce, 0.41-0.51 for BF, 0.90 for WS, and
0.89 for BS), for weather (WS 0.14 and interaction with cur-
rent branch defoliation 0.14), and previous year current de-
foliation (BS 0.32).

Comparison of aerial survey and branch

sampling defoliation

When the plot-level defoliation from branch sampling was
compared with the defoliation class of the encompassing
aerial survey polygon, there were discrepancies in more than
half of the cases (Fig. 6). Percentage of plots with branch de-
foliation in the same class as the aerial survey value averaged
58%, 47%, and 38% for plots with light, moderate, and severe
defoliation, respectively (Fig. 6). These values varied greatly
from year to year, with the cases where plot branch sam-
ple defoliation and aerial survey defoliation classes were the
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Fig. 4. Interaction plots of estimated simple slopes of ocular survey defoliation bias from final models for all species (ALL7),
balsam fir (BF5), and white spruce (WS11). Ocular survey defoliation bias was significantly affected by (a—c) current branch
defoliation severity grouped by weather conditions, (d and e) previous year current defoliation grouped by current branch
defoliation severity, and (f and g) previous cumulative defoliation severity. Shaded areas represent confidence intervals.
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same ranging from 4% to 94%, 33% to 59%, and 9% to 100% for
light, moderate, and severe defoliation classes, respectively
(Fig. 6).

A confusion matrix comparing aerial survey defoliation
versus mean branch sample defoliation across plots and years
showed that the severe defoliation class had the most discrep-
ancies, with only 28% of cases agreeing, followed by the mod-
erate class at 45%, and the light class at 51% (Table 3). Differ-
ences between aerial survey and plot branch sample values
were mainly for the adjacent defoliation class: moderate for

734

light and vice versa, and moderate for severe (Table 3). Over-
all for all 7 years combined, 43% of plots had the same branch
sample and aerial survey defoliation classes (Table 4), and by
year, percentage of plots with the same defoliation class rat-
ing were 38%, 56%, 47%, 46%, 37%, 58%, and 14% for 2014-
2021, respectively (Table 4). The largest difference, in 2021,
resulted from aerial surveys classifying all plots as light defo-
liation.

Several examples of plot-level branch sample defoliation
overlaid on aerial survey defoliation polygons demonstrate
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Fig. 5. Interaction plots of estimated simple slopes of ocular survey defoliation bias from final models for all species (ALL7),
balsam fir (BF5), and black spruce (BS11). Ocular survey defoliation bias was significantly affected by (a and b) previous year
current ocular defoliation severity grouped by observer experience, (c) weather condition grouped by observer experience, (d
and e) main effects of current branch defoliation severity and previous year current ocular defoliation for black spruce, and (f)
previous cumulative defoliation grouped by previous year current defoliation. Shaded areas represent confidence intervals.
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common differences (Fig. 7). One was mislocated aerial defo-
liation polygon boundaries (i.e., close but not quite correct).
This was evident for stand 26 (Fig. 7a), where the aerial survey
light defoliation boundary was south of the plot locations; in
stand 10 (Fig. 7b), with the moderate defoliation boundary
just to the left of four moderate plot locations; and in stand
6 (Fig. 7c), where the five plots all with moderate defoliation
were within a severe defoliation polygon but slightly to the
right there was a moderate polygon. Figures 7d-7f show three
examples with the same defoliation class from aerial surveys
and plot branch sampling. In contrast, Figs. 7¢g-7i show three
examples of substantial differences of severe aerial survey
values when branch sample defoliation was light (Figs. 7g and
7h) and vice-versa (Fig. 7i).
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Discussion

Aerial surveys of SBW defoliation have been used rou-
tinely for over 80years in Canada and the United States
(Hardy et al. 1986), and branch sampling and ocular meth-
ods have been used in monitoring and research studies for
many decades. Accurate defoliation at the tree and plot
level is the “lynch-pin” required to quantify and model
effects of defoliation on tree growth and mortality (e.g.,
Erdle and MacLean 1999). We accumulated a large, unique
dataset from seven sample years, with over 9500 branch
samples and nearly 28000 ocular tree defoliation assess-
ments, which was well-suited to compare the three meth-
ods.
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Fig. 6. Ordinal distribution of branch-based percent defoliation of plots (along the x axis, in subsets of light <30% in green,
moderate 31%-70% yellow, and severe >70% red) compared to aerial survey defoliation polygons in the same three classes,
from 2014 to 2021. In an ideal (correct) scenario where defoliation is uniform throughout the polygon and the polygon has
the correct label, all dots should be in the right panel for the severe class, in the middle panel for the moderate, and the left
for the light. The table values represent the percentage of plots per defoliation class per year in each panel with correct values
shown in bold.
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Table 3. Confusion matrix comparing annual defoliation class from aerial surveys with plot-level branch defoliation, combin-
ing 2014-2021 sample years.

Branch sample defoliation class % of cases with aerial and branch

Light (<30%) Moderate (30%-70%) Severe (>70%) Total defoliation in the same class
Aerial survey Light 93 74 15 182 51.1
defoliation class  \foderate 63 110 71 244 45.1
Severe 30 55 33 118 28.0
Total 186 239 119 544 434

Note: Values are number of plots. Aerial and branch sample defoliation in the same class are in bold font.
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Table 4. Percent agreement by class and year (2014-2021) between branch-based plot defoliation and
defoliation class of the corresponding aerial survey polygon for the set of ground plots.

% of cases with aerial and branch defoliation in the same class, by defoliation class

Year No. plots Light (<30%) Moderate (30-70%) Severe (>70%) Overall
2014 94 60 37 27 38
2015 93 94 42 56 56
2016 88 82 43 11 47
2017 78 44 58 9 46
2018 75 63 33 25 37
2019 60 57 59 NA 58
2021 56 4 57 100 14
All years 544 51 45 28 43

Fig. 7. Examples comparing branch plot defoliation (shown as colored circles: light in green, moderate in yellow, and severe in
red) versus aerial survey defoliation polygons (the background colors, using the same three classes). Black lines and numerals
represent sample stand boundaries and stand numbers. The scale differs among panels.

Our results showing an underestimation bias in ocular de-
foliation compared to branch sampling were also found us-
ing a much smaller sample size by MacLean and Lidstone
(1982). Ocular methods tended to overestimate at light levels
of defoliation (MacLean and Lidstone 1982), and our analy-
sis suggested a similar pattern in the 2014, 2018, and 2019
defoliation measurements. The tests of ocular defoliation
reported by MacLean and Lidstone (1982) showed that an
experienced observer was generally 5%-10% closer to the
true defoliation than a less experienced observer. In con-
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trast, we used seasonal crews, sometimes with returnees,
over the 7years of sampling. Extensive observer training,
ideal sunny clear skies, and timing defoliation assessments
near the peak detection period should promote more con-
sistency for the ocular survey method. The underestima-
tion bias was lowest for black spruce (which consistently
had the lowest defoliation level, also shown by Hennigar
et al. (2008)) and greatest for white spruce, which pro-
duces the largest amount of foliage that can obscure partial
defoliation.
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Our detailed nested mixed-effect model assessment of fac-
tors influencing ocular defoliation accuracy is unique. Some
of the results corroborate earlier work, that experienced ob-
servers had lower ocular defoliation underestimation. As ex-
pected, well-lit tree crowns under sunny conditions reduced
ocular defoliation underestimation. But by far, the strongest
effect for all fir-spruce combined and by species was that
current branch defoliation level most strongly affected oc-
ular defoliation bias, in interaction with previous year cur-
rent and cumulative defoliation (tree-level and ocular esti-
mates). In general, the more severe the actual defoliation (i.e.,
current branch defoliation) was, the greater the underesti-
mation bias. This was magnified further with higher previ-
ous year cumulative defoliation. These tendencies should be
taught during training of crews to assess current and cumula-
tive defoliation. We typically use “blind” assessments of trees
with known (branch sampled) defoliation levels in training
crews.

When the defoliation class of the aerial survey polygon en-
compassing a given plot was compared to that derived from
branch sampling, only 43% of plots had the same branch
sample and aerial defoliation class. This demonstrates that
caution should be used in ascribing aerial survey defoliation
values to specific plots, stands, or other specific locations.
Aerial surveys of spruce budworm defoliation are available
every year during outbreaks in most jurisdictions and have
often been used to assign defoliation to individual ground
locations or plots. A common practice is to assume that all
locations within an aerial survey polygon have the same
defoliation level as the class assigned to the polygon, and to
use it to assign a defoliation value. Alas, examples of such
extrapolation of aerial SBW defoliation data in recent pub-
lished studies include Houndode et al. (2021), Woodman et al.
(2021), Boakye et al. (2022), Chagnon et al. (2022), McNie et al.
(2023), and Sidhu et al. (2024). Yet there can be considerable
variability and although the majority of stands within an
aerial survey polygon are expected to have the severity level
indicated in the polygon label, there can be areas within the
polygon with differing levels of severity. This is not an error
per se but a requirement of the aerial survey generalization.
This is not to say that aerial surveys are inaccurate. MacLean
and MacKinnon (1996) found 82% classification accuracy of
aerial SBW surveys in New Brunswick between 1984 and
1993. Coleman et al. (2018) evaluated accuracy of aerial de-
tection surveys for mapping insect and disease disturbances
in the United States and concluded that overall accuracy of
aerial detection observations was >70%. However, assuming
that aerial survey defoliation accurately represents the level
in specific locations within a polygon needs caution and
ideally ground verification.

The use of aerial surveys in defoliation monitoring is in
a time of transition, with several jurisdictions already mov-
ing to partially or fully switch to satellite imagery (NBDNRED
2022, 2023; QMFFP 2022). Donovan et al. (2018) explored the
use of hemispherical images of the canopy taken from the
ground as a potential alternative to branch sampling and
ocular surveys and found that image canopy gap fraction
change from May to October combined with data on occur-
rence of aerial spraying of bioinsecticides and balsam fir per-
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cent basal area could predict percent annual defoliation with
root mean square errors ranging from 14% to 22%. Kilin et
al. (2019) demonstrated that tree defoliation estimation from
ground-level RGB images with a convolutional neural net-
work worked well and achieved performance close to human
experts (only 0.9% worse). Drone-based point clouds from li-
dar or photogrammetry also have good potential for assessing
defoliation at the plot or stand level (e.g., Cardil et al. 2017)
but may be limited for large regional assessments. Satellite
remote sensing is of interest because of new sensor technol-
ogy and improved image availability. Rahimzadeh-Bajgiran et
al. (2018) assessed the use of Landsat-5 Thematic Mapper data
to detect current defoliation and found classification accura-
cies of 77%, 60%, 52%, and 77% for nil, light, moderate, and se-
vere defoliation classes, respectively. Sentinel-2 imagery clas-
sified annual defoliation using roadside defoliation observa-
tions as validation, and the Random Forest classification al-
gorithm reported overall accuracy of 71% across nil, light,
and moderate defoliation classes (Bhattarai et al. 2020). Fi-
nally, vegetation index changes calculated from satellite hy-
perspectral imagery for classifying three annual defoliation
classes resulted in overall accuracies of 59% and 64% for Sup-
port Vector Machine and Random Forest classifiers, respec-
tively (Donovan et al. 2021).

Branch sampling using the Fettes shoot-count method is
the “gold standard” to quantify mean defoliation per plot,
given that sufficient shoots per branch and branches per
plot (MacLean and MacKinnon 1998) are sampled to provide
the desired accuracy and confidence level. Ocular defoliation
estimates are the primary method of obtaining individual-
tree defoliation levels throughout plots, but accurate estima-
tion requires crew training and is influenced by defoliation
severity (current year, previous year, and cumulative), sky
viewing conditions (sunny versus cloudy), and observer ex-
perience. When we compared the plot-level defoliation from
branch sampling with the defoliation class of the encompass-
ing aerial survey polygon, there were discrepancies in more
than half of the cases. One cannot assume that an aerial sur-
vey defoliation polygon value is representative of all specific
ground location within that polygon. The use of satellite re-
mote sensing appears to be a valid option to use in conjunc-
tion with, or to replace, annual aerial surveys for improv-
ing SBW defoliation detection and outbreak monitoring but
should be evaluated for accuracy compared with plot-level
branch sampling data.
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