
MethodsX 10 (2023) 102075 

Contents lists available at ScienceDirect 

MethodsX 

journal homepage: www.elsevier.com/locate/mex 

Linking frass and insect phenology to optimize annual forest 
defoliation estimation 

B. Thapa a , 1 , ∗ , P.T. Wolter a , B.R. Sturtevant b , J.R. Foster c , P.A. Townsend d 

a Department of Natural Resource Ecology & Management, Iowa State University, Ames, IA 50011, USA 
b Institute for Applied Ecosystem Studies, Northern Research Station, USDA Forest Service, Rhinelander, WI 54501, USA 
c Rubenstein School of Environment and Natural Resources, University of Vermont, Burlington, VT 05405, USA 
d Department of Forest and Wildlife Ecology, University of Wisconsin —Madison, 1630 Linden Drive, Madison, WI 53706, USA 

a r t i c l e i n f o 

Method name: 

Estimation of annual defoliation based on 

field-collected frass and insect phenology 

Keywords: 

Choristoneura pinus F . 

Lymantria dispar dispar L . 

BioSIM 

Optimization 

Imputation 

Frass 

Foliage loss 

Annual defoliation 

a b s t r a c t 

It is often logistically impractical to measure forest defoliation events in the field due to seasonal 

variability in larval feeding phenology (e.g., start, peak, and end) in any given year. As such, 

field data collections are either incomplete or at coarse temporal resolutions, both of which result 

in inaccurate estimation of annual defoliation (frass or foliage loss). Using Choristoneura pinus F. 

and Lymantria dispar dispar L., we present a novel approach that leverages a weather-driven insect 

simulation model (BioSIM) and defoliation field data. Our approach includes optimization of a 

weighting parameter (w) for each instar and imputation of defoliation. Results show a negative 

skew in this weighting parameter, where the second to last instar in a season exhibits the maxi- 

mum consumption and provides better estimates of annual frass and foliage biomass loss where 

sampling data gaps exist. Respective cross-validation RMSE (and normalized RMSE) results for C. 

pinus and L. dispar dispar are 77.53 kg·ha − 1 (0.16) and 38.24 kg·ha − 1 (0.02) for frass and 74.85 

kg·ha − 1 (0.10) and 47.77 kg·ha − 1 (0.02) for foliage biomass loss imputation. Our method provides 

better estimates for ecosystem studies that leverage remote sensing data to scale defoliation rates 

from the field to broader landscapes and regions. 

• Utilize fine temporal resolution insect life cycle data derived from weather-driven insect sim- 

ulation model (BioSIM) to bridge critical gaps in coarse temporal resolution defoliation field 

data. 

• Fitting distributions to optimize the instar weighting parameter (w) and impute frass and 
foliage biomass loss based on a cumulative density function (CDF). 

• Enables accurate estimation of annual defoliation impacts on ecosystems across multiple in- 
sect taxa that exhibit distinct but seasonally variable feeding phenology. 
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Introduction 

In the past two decades, insect disturbance and associated impacts on forest ecosystems have gained increasing attention due to
the uncertain or variable response dynamics associated with climate forcing [44] . Notably, carbon fluxes and subsequent impacts on
net primary production (NPP) and net ecosystem productivity (NEP) from biomass loss to insects are major concerns [ 14 , 30 , 55 ]. For
instance, Kurz et al. [30] reported maximum average (mode) annual emission at 100 Mt CO 2 yr 

− 1 from insect disturbances in boreal
forest. Similar observation was reported by Dymond et al. [14] , where Choristoneura fumiferana Clem caused a reduction of 2 Mt C
yr- 1 in net primary production in boreal forests via a combination of growth reduction and mortality. Both growth reduction and
tree mortality are functions of the cumulative annual loss of foliage (photosynthetic material) [ 7 , 19 , 29 ]. As such, leaf area loss is
a principle component of defoliation impact assessment for economically important defoliators such as C. fumiferana, Choristoneura 
pinus F., Malacosoma disstria Hübner, and Lymantria dispar dispar L. [ 11 , 35 ]. In turn, annual loss of foliage affects both net primary
productivity and nutrient fluxes of a forest ecosystem [ 8 , 21 , 27 , 36 , 51 ]. Therefore, it is important to accurately estimate total foliar
biomass loss to better quantify impacts of various defoliators on forest ecosystems. 

Foliage biomass consumption by many of the economically important defoliators of North America (including all listed above) 
occurs in spring season as early stage larvae either hatch or emerge from winter diapause to feed on newly emerging nutrient-
rich and poorly-defended foliage [9] . Timing of emergence in these species is essential for their survival; if emergence is too early
larvae starve for lack of food, and if too late larvae will encounter increasingly defended food resources [20] . As a larva feeds
and gains biomass, it periodically molts its head capsule into its next development stage of larvae or “instar, ” where the num-
ber of instars varies by species [13] . With each molt, the mouth size of the larva increases, which results in an increase in food
intake and, thus, body size [ 4 , 22 , 24 , 41 ]. The rate of food intake increases exponentially across the final stages of larval devel-
opment [ 28 , 39 ]. For example, Miller [39] found that the fifth– and sixth (or final) instars of C. fumiferana consumed 9% and
87% of total host foliage, respectively. Past research has linked species-specific instar phenology to specific weather events (e.g.,
[48] ), which may be used to project the timing of successive larval instars of select forest insect defoliators in time and space
[46] . 

In this study, we analyzed frass (excrement) deposition data collected during late spring and early summer seasons of outbreak
years (2000, 2001, 2006 and 2007 for L. dispar dispar and 2006–2007 for C. pinus ) to estimate annual biomass loss due to defoliation.
Contrary to traditional field measures of annual defoliation [e.g., shoot method [16] ], frass is directly associated with the caterpillar
feeding biology and, when scaled by instar feeding efficiency, represents the amount of foliage consumed [50] . In addition, analysis
of daily frass deposition collected throughout a feeding season can confirm instar phenology [3] . Thus, the amount of frass deposition
at a given time is a function of total amount of food consumed by individuals of different stages of instar of respective defoliators
and density of instars [ 3 , 33 , 50 ]. However, variability in the start and end of insect feeding in a given year, and from site to site,
complicates field sampling efforts, which affects our ability to accurately quantify total frass deposition, especially when it is unknown
where and even if a defoliation event is forthcoming. For example, frass collection starting either too late or ending too early leads
to under estimation of total frass deposition for a season. In addition, limited resource availability affects the temporal resolution
of field data collection during the feeding season, such as sampling frequency (total number of days or weeks) and frass collection
periods (hourly, daily, or weekly). 

Here, we present a novel approach to estimate annual frass deposition and biomass loss. This is achieved by utilizing frass and
greenfall deposition data (kg ⋅ha − 1 ) measured in the field at coarse temporal resolution and simulated fine temporal resolution (daily)
population phenology data (BioSIM V.11, [46] ) for two major economically important spring defoliators: L. dispar dispar (non-native) 
and C. pinus (native). The exotic moth L. dispar dispar is a broad-leaf defoliator that prefers oak ( Quercus spp.), but also feeds on other
broad-leaf tree species [32] . The endemic moth C. pinus is a selective, conifer defoliator that feeds only on jack pine ( P. banksiana )
pollen cones and foliage [37] . 

This approach includes a two-step process, where the first step is estimation and optimization of an instar weighting (w) parameter
for respective defoliators, representing the relative amount of foliage removed during a given instar life stage. The second step involves
imputation of frass biomass for missing days (day-of-year [DOY]) within the respective defoliator’s phenological feeding window 

within the field-sampling period. 
Combining different data types is common practice among species distribution modeling efforts to improve presence/absence 

model accuracies [ 17 , 40 ]. However, to our knowledge, this is the first study to demonstrate the integration of different data types
(i.e., temporal resolution: fine vs coarse, source data: field vs simulated, and measurement unit: kg vs proportion) based on feeding
phenology of defoliators. Here, it is important to note that ‘biomass’ is used for frass and foliage loss to quantify the total amount of
mass and is expressed in kilograms (kg). However, instar ‘weighting (w)’ is applied in the statistical sense of a coefficient between
zero and one reflecting the relative contribution of a given instar to frass deposition or foliage loss (collectively, metrics of foliage
consumption) during the entire feeding period. Annual defoliation estimates i.e., annual frass biomass is defined as the cumulative
annual frass deposition during the entire feeding period (season) of each respective defoliator in any outbreak year. We further
extended the utility of our approach by estimating leaf biomass (kg) consumed by caterpillars of L. dispar dispar and C. pinus from
frass deposition rates via digestibility parameters derived from literature-reported laboratory food use efficiency trials, and then 
calculated the foliage biomass loss for this paper. This method also provides an opportunity to utilize the vast amount of existing data
collected in the past for better understanding of ecological process. Finally, annual estimates of defoliation from this approach will
be useful to assess the nutrient fluxes via frass biomass and carbon dynamics via foliage loss when translated to growth reduction via
empirical functions, which is scalable to landscape levels via remote sensing data [ 49 , 51 ]. 
2 
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Materials and methods 

Study area and data collection 

We collected L. dispar dispar frass deposition from western Maryland for outbreak years 2000–2001 and 2006–2007 and C. pinus
frass deposition from northern Wisconsin (Northwest Sands region) for 2005–2006 ( Fig.1 , Table 1 ). Mixed deciduous forest with a
predominance of oak species ( Quercus spp.) characterize the Maryland sites (Green Ridge [GR] and Savage River [SR]), where less
abundant tree species include maples ( Acer spp. ) , cherry ( Prunus spp. ) , ashes ( Fraxinus spp.), and eastern white pine ( Pinus strobus )
[ 18 , 52 ]. Forests within the Northwest Sands region of Wisconsin are comprised of both naturally occurring jack pine stands and
plantations of jack pine ( Pinus banksiana ), red pine ( Pinus resinosa ), and eastern white pine ( P. strobus ), with a predominance of jack
pine. Broadleaf tree species also occur in mixture with native conifer stands such as northern pin oak ( Quercus ellipsoidalis E.J. Hill),
aspen ( Populus spp.) and paper birch ( Betula papyrifera Marsh), which represent ca. eighteen percent of the forested area [54] . 
Fig. 1. Location of study sites of C. pinus in Northwest Sands, Wisconsin (blue) and L. dispar dispar in Green Ridge (GR) (black) and Savage River 

(SR) (red ) in Maryland in USA. 

Table 1 

Total number of sample size used to collect the frass data of each defoliator in each 

year with field season starting and ending day. 

Defoliators Year Collection Day Total plots 

(n) 
Start End 

L. dispar dispar 2000 31-May 28-Jul 33 

2001 17-May 12-Jul 12 

2006 30-May 12-Jul 20 

2007 22-May 5-Jul 20 

C. pinus 2005 14-Jun 7-Jul 15 

2006 31-May 8-Jul 21 

3 
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The primary local feeding periods in the Maryland and Wisconsin study locations are similar, where both L. dispar dispar and C.
pinus feed from mid-May to early-July [ 1 , 45 ]. However, their overwintering strategies differ, as L. dispar dispar overwinters in the egg
stage [25] , while C. pinus hatch in late summer and almost immediately molt into their second instar (i.e., L2), after which they form
a hibernaculum to overwinter in diapause (i.e., arrested development) [47] . In western Maryland, L. dispar dispar larvae typically
hatch from eggs anywhere between mid-April and early May depending on weather [ 20 , 45 ]. In Northern Wisconsin, C. pinus break
diapause in early May [1] . For both species, total foliar biomass loss consists of direct consumption and unconsumed foliage that
becomes severed during feeding. The latter component of foliar loss, referred to as “greenfall, ” can comprise a significant proportion
of total defoliation by either species. 

We established a total of 26 and 65 variable-radius plots for C. pinus in Wisconsin and L. dispar dispar in Maryland, respectively
( Table 1 ). Each plot consisted of a central subplot and four satellite subplots arranged in the cardinal directions from plot center,
with a distance of 25 m ( C. pinus ) and 30 m ( L. dispar dispar ) between the center subplot and each satellite subplot (Appendix S:
Figure S1). Traps used were either Tullgren funnels or laundry baskets fitted with cotton sheets to create a funnel porous to water
and varied in shape (rectangular, circular, and cone), and size (range of surface area: 1231.63 – 2370 cm 

2 ). Four to six frass traps in
each C. pinus plot were placed in the outer one-third of the canopy footprint for host trees randomly selected from subplot canopy
trees sampled using a metric factor 2 Bitterlich prism [5] , one in each satellite subplot and two in the center subplot. Frass was
collected continuously for approximately 7-day intervals. In Maryland, sampling weekly L. dispar dispar frass deposition involved 
setting up four to five traps in the center plot, with frass traps set for approximately 24 hours in most cases. Location for these traps
were one-half to two-third of the distance between the stem and crown border of randomly selected host trees (as above). Deposited
material was sorted in the lab to separate green foliage (i.e., greenfall) from frass, sieved to remove other detritus, and then oven
dried (both frass and greenfall) at 55 °C for a minimum of 72 hr. We scaled the dry mass of frass and greenfall to kg ⋅ha − 1 based on
size of frass traps [33] , and then converted to daily rate (kg ⋅ha − 1 ⋅day − 1 ) by assuming an average deposition rate over the period of
sampling (nearest minute) for each respective sample, and then averaging frass and greenfall deposition rates across frass traps to
derive plot-level deposition rates. 

After estimating dry frass biomass (kg·ha − 1 ) from field data, we used this value to estimate actual amount of foliage consumed by
larvae. As the amount of frass biomass production depends on the approximate digestibility (AD) of larvae of respective defoliators,
we first estimated the actual amount of foliage consumed (i.e., ingested biomass, IB) by larvae ( Eq. (1) ). The AD is the proportion of
ingested host biomass dedicated to growth of the larva (or energy expenditure) that does not become frass and varies with caterpillar
species. In this case, the AD of host foliage for C. pinus was estimated as 0.30 based on study of the closely-related spruce budworm
( C. fumiferana ) [6] and 0.35 for L. dispar dispar [2] . 

Ingested biomass 
( 

IB , 
kg 
ha 

) 

= 

f rass 
(
kg 
ha 

)
1 − AD 

(1) 

We then added greenfall biomass (kg·ha − 1 ) collected in frass traps to estimated ingested biomass (IB) from Eq. (1) to calculate
total foliage biomass loss (kg·ha − 1 ) and converted to foliage biomass loss per day (kg·ha − 1 ·day − 1 ), similar to frass rate. 

We obtained respective caterpillar phenologies from BioSIM (V.11), which incorporates weather patterns to simulate the emer- 
gence of moth, egg hatch, larval instars, and pupae (i.e., life stages). BioSIM interpolates weather station data according to plot
latitude and longitude to estimate population percent within each respective life stage for each day-of-year (DOY) corresponding to
respective outbreak years of field data collection. As such, BioSIM estimates the relative proportion of a population at a given life
stage at a particular time and place, and not the total size or density of the population. For our purposes, we only considered larval
instars relevant to the spring-summer feeding season. Feeding population percent at any given day of year (DOY) and location is the
proportion of any individual instars of the respective defoliator’s caterpillar, whose values range from 0 to 100 (Appendix S: Figure
S2). The maximum number of larval instars, hereafter referred to as instars, can vary by species and sex [ 13 , 15 , 24 , 41 ]. Here, C.
pinus has a maximum of seven instars (male and female), while L. dispar dispar has a maximum of five (male) and six (female) instars
(Appendix S: Figure S2). 

Instar weighting optimization 

Nutritional needs and foliar consumption are proportional to instar size. The amount of food consumed by the first instar (L1) for
either species is negligible, so we used the second instar (L2) through the last instar for each defoliator to optimize the instar weighting
parameters: L. dispar dispar instars L2-L6 and C. pinus instars L2-L7 (Appendix S: Figure S2). Instar weighting (w) approximates
the relative amount of food consumed by each instar, where the value of ‘w’ is always greater than zero and the sum of instar
weighting parameters represents total seasonal consumption and is equal to one. Relative amount of food consumed by an instar
can be determined by either using actual amount of food eaten or frass [3] . Using the instar weighting parameters and population
proportions for each instar at any given DOY, we calculated for each date a total feeding proportion, calculated simply as the sum of
w times population proportion (hereafter “weighted larvae ”). Weighted larvae at any given time are correlated with field-collected 
frass data on the same date (Appendix S: Figure S3). 

We optimized instar weighting (w) by iteratively re-fitting a distribution function to the feeding population percent and field- 
collected frass data ( Box 1 ). First, we fitted a distribution function to daily frass data (frass rate, kg·ha − 1 ·day − 1 ) such that root-mean-
square-error (RMSE) between fitted frass and observed frass was low. We then initialized the model with arbitrary instar weighting
(w) to calculate the weighted larvae and fitted a distribution to it. The process of fitting distribution function to weighted larvae
4 
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continued until the difference between field-collected frass and fitted weighted larvae was minimized. To calibrate the model, we
selected plots (12 C. pinus plots from 2006 and 12 L. dispar dispar plots from 2007) that had best captured the phenology of caterpillar’s
feeding behaviors (i.e., low initial frass deposition rate in spring and maximum deposition proximal to the middle of the season).
BioSIM-derived feeding population percent for each developmental stage for these plots was linked to field-collected frass data based
on DOY. We used leave-one-out cross validation (LOOCV) method and reported root mean squared error (RMSE) and normalized
RMSE (nRMSE = RMSE/mean, [38] ). Here, we determined the instar weightings of respective caterpillars by using separate models
for field-collected frass as well as foliage biomass loss. 

Box 1 . Instar Weighting Optimization 

Imputation based on cumulative density function 

We utilized the respective caterpillar phenological proportions by instar from BioSIM and instar weighting parameters obtained 
from the optimization process to estimate weighted larvae for each DOY. We calculated a probability distribution curve of weighted
instar for each DOY and used this information to estimate either frass or foliage biomass loss for missing days in feeding phenological
window during the field data collection. To illustrate, we show two examples of C. pinus in which we imputed frass data for two
periods before DOY 162 and after DOY 181 ( Fig. 2 a), while only one period before DOY 151 ( Fig. 2 b). We validated this approach by
using a K-week cross validation procedure in which we withheld one week of frass data (test data) for each plot and then estimated the
cumulative frass biomass based on the remaining data as linked to weighted instar. We then calculated the predicted frass biomass for
the withheld week by taking the difference between cumulative frass biomass based on all data and frass biomass using the training
data. We calculated the RMSE and nRMSE of the biomass estimate using the predicted and observed frass biomass for all plots that
used in the instar weighting optimization. Finally, we estimated annual frass biomass, which is the cumulative frass biomass (kg·ha − 1 )
for each plot for each year by summing over daily frass rate for the entire feeding season. We repeated the same process for L. dispar
dispar frass, as well as foliage biomass loss to L. dispar dispar and C. pinus . 

Results 

The distribution of instar weightings showed a negative skew, where the proportion of food consumption was low during earlier
instars and increased exponentially until the second to last instar ( Fig. 3 ). For instance, maximum feeding occurred at the sixth instar
( w = 0.61) and fifth instar ( w = 0.52) for C. pinus and L. dispar dispar , respectively. After their respective peak feeding, L. dispar
dispar continued to feed on foliage ( w = 0.28 at L6) at their final stage, while C. pinus showed a decrease in feeding. For instance,
the C. pinus L7 stage had a lower relative weighting than its L5 stage (i.e., L5 [ w = 0.29] > L7 [ w = 0.11], Fig. 3 ). Cross-validation
RMSE of frass biomass obtained during the optimization process for C. pinus were comparatively lower than L. dispar dispar (14
kg·ha − 1 vs 34 kg·ha − 1 ), which when normalized by mean (nRMSE) were equivalent to 0.02 for each defoliator. However, K-week
cross-validation results of frass for imputation based on a probability density function of weighted larvae were opposite, where C.
pinus had higher RMSE (and nRMSE) than L. dispar dispar (77.5 kg·ha − 1 [0.16] vs 38 kg·ha − 1 [0.02]) ( Fig. 4 ). We, then, estimated
annual frass biomass for both caterpillar species (Appendix S: Figure S4) and compared these data with actual field data ( Fig. 5 ). This
5 
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Fig. 2. Field-collected frass data (blue) and estimated weighted larvae data (red) overlaid according to common day-of-year (DOY) for two example 

collections of C. pinus : a) beginning and end of season are un-sampled, and b) beginning of season is missed. Average frass rates were applied during 

each “weekly ” collection period for this species ( C. pinus ). Weighted larvae is the sum of the percent of instars feeding (data obtained from BioSIM 

V.11) scaled by instar weightings. gray shaded areas represent missing frass data due to mismatch in field data collection start and end dates and 

BioSIM generated weighted larvae percentages. The vertical dotted lines represent start and end dates of field frass collection. The red line represents 

the cumulative density function of weighted larvae percentage used to impute the frass in missing field data collection. 

Fig. 3. The distributions of optimal weighting parameters (w) for defoliator instars (black circle): C. pinus (right) and L. dispar dispar (left). A 

Non-linear distribution function in the form y = a ∗ exp(-(0.5 ∗ ((x-b)/c)ˆ2)) is fitted to instar weightings of the respective defoliators (black dotted 
line). Higher weightings are assigned to late-stage instars because weighting is proportional to the relative amount of foliage consumed. 

 

 

 

 

 

 

 

 

 

 

 

approach compensated the underestimation of frass biomass from the field data especially for L. dispar dispar in 2000 and C. pinus in
2005. We found that the average annual frass biomass for C. pinus was 377 kg·ha − 1 for 2005 and 452 kg·ha − 1 for 2006. Similarly,
average annual frass biomass estimates for L. dispar dispar were 911 kg·ha − 1 , 641 kg·ha − 1 , 486 kg·ha − 1 , and 1080 kg·ha − 1 for 2000,
2001, 2006 and 2007, respectively. 

We found similar patterns of instar weighting for each caterpillar when we used foliage biomass loss with different weightings
parameters ( Table 2 ). For instance, C. pinus had a maximum weighting at L6 ( w = 0.69) and instars before (L5) and after the peak
(L7) obtained equal weightings ( w = 0.13). However, the last two L. dispar dispar instars obtained approximately similar weightings
( w = 0.42 and 0.41 for L5 and L6, respectively), which accounted for almost 83% of foliage biomass loss due to defoliator. Biomass cross
validation RMSE (nRMSE) values for C. pinus were 17.1 kg·ha − 1 (0.02) and 74.8 kg·ha − 1 (0.10) for the optimization and imputation,
respectively. Similarly, biomass cross validation RMSE (and nRMSE) values for L. dispar dispar models were 57.4 kg·ha − 1 (0.02) and
47.7 kg·ha − 1 (0.02), respectively, for optimization and imputation. Results indicate that the average annual biomass loss in L. dispar
dispar sites was substantially higher than in C. pinus sites ( Fig. 6 ). Maximum annual foliar biomass loss to C. pinus occurred in 2006
6 
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Fig. 4. K-week cross validation results for L. dispar dispar (left) and C. pinus (right). Cross-validation was conducted to test frass data imputation 

model accuracy for missing days in the feeding phenological window during field data collection of each year. Imputation was conducted based on a 

cumulative density function of weighted instar percent in which one week field-collected frass data was held out for validation (Y-axis). Remaining 

data were used to estimate the frass biomass for both the week of validation and the feeding season for each year (x-axis). 

Fig. 5. Plot of observed vs. estimated annual frass for each plot of C. pinus and L. dispar dispar . Here, annual frass data for each year is the sum of the 

daily frass data within the feeding season for the respective defoliators. Estimated annual frass (x-axis) represents the total of field-collected frass 

data and imputed frass data for missing days in the feeding phenological window based on BioSIM (V.11) population percent data. Observed annual 

frass data for respective years represents the sum of field-collected frass data over the season. Field-collected frass data captured the phenology of 

feeding population percent in most cases except for L. dispar dispar for the year 2000. 

 

 

 

 

 

 

 

 

 

(658 kg ⋅ha − 1 ). In the case of L. dispar dispar , the maximum annual foliar biomass loss across the years of the study was in 2007 (1706
kg ⋅ha − 1 ) followed by 2000 (1128 kg ⋅ha − 1 ) ( Fig. 6 ). 

Discussion 

Rate and amount of foliage consumption by defoliating lepidopterans is clearly associated with the development stage of cater- 
pillars. Our results show that instar weighting distribution estimated from modeled relative population size and frass collection is
distinctly non-linear across a given defoliation season. Instar population weighting is relatively low among early instars and substan-
tially higher for the later instars, as food consumption increases exponentially. This general relationship between food consumption 
rate and later instar developmental stage is evident in other studies [ 28 , 34 , 53 ]. For instance, Kulman and Hodson [28] reported most
foliage consumption occurred in last two instars of C. pinus . However, our C. pinus results indicate an increase in food consumption
at L5, maximum consumption at L6, followed by decreasing consumption at L7. This pattern of food consumption is also reported in
previous studies of C. fumiferana , which has a similar life history to that of C. pinus . For instance, Miller [39] reported an increase
in food consumption rate from 9% to 87% for L5 and L6 instars, respectively. We suspect a big drop in instar weighting at L7 is
influenced by the proportion of L6 instar that survive to the next developmental stage [ 31 , 41 ]. The total number of instars in C.
7 
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Table 2 

Optimal weighting of individual instars of respective defoliators obtained based on the feeding 

phenology of developmental stages of defoliators (BioSIM V. 11) and field-collected frass data 

(kg ⋅ha − 1 ) over the feeding season. 

Defoliators Instars 

L2 L3 L4 L5 L6 L7 

C. pinus 0.0099 0.0098 0.01 0.1399 0.6917 0.1387 

L. dispar dispar 0.0068 0.0068 0.1524 0.4218 0.4122 NA 

Fig. 6. Distribution of average annual foliage biomass loss (kg·ha − 1 ) by year estimated from instar weightings and then imputed for missing days 

in the feeding phenological window derived via BioSIM (V.11) for C. pinus (blue) in Wisconsin and L. dispar dispar (red) in Maryland. Error bars 

represent one standard deviation of annual foliage biomass loss. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pinus depends on whether parasitoids have affected larvae or not. For instance, Nealis [41] showed that C. pinus without parasitoids
exhibited seven instars while parasitoid affected C. pinus had six instars. In addition, parasitism rates at late instars can be high when
the C. pinus population is at outbreak levels [42] . 

Unlike in C. pinus , we did not observe a sharp decline in frass deposition rates with the final instar of L. dispar dispar (L6).
Importantly, half the L. dispar dispar population (i.e., males) complete larval development at L5, so the instar weighting for L6 in this
species is applied to a proportion representing half of the insect population at that time. Leonard [34] showed that 90% of the total
frass biomass produced in a season came from the last two instars, while 65% came from the last instar alone. When we use foliage
biomass loss, we observe a similar pattern with respect to different instar weightings ( Table 2 ). For instance, the L5 and L6 instars
have approximately equal weighting of 0.41, while the L4 instar has 0.15. In any event, our results show that the second to last
instar has a relatively high food consumption rate and the distribution of weightings within respective instars appears to corroborate
finding from prior studies [ 28 , 34 , 39 , 53 ]. 

Variation in the instar weighting parameters, particularly at later instars, may be related to multiple factors. BioSIM estimates the
proportion of a population at a given life stage but cannot estimate the population size of those life stages. Life stage population size
can be affected by stage-dependent dispersal, parasitism, or predation rates that are further affected by outbreak phase (start, peak,
and decline) and weather anomalies (e.g., late frosts). For instance, later instars are large enough to be visible to birds - making them
vulnerable to predation [ 10 , 12 ]. Similarly, low pollen production followed by heavy defoliation in P. banksiana affects the survival
of second instar in the spring and, consequently, the population density [ 31 , 43 ]. Likewise, field-collected frass may represent less
than actual consumption, especially in C. pinus because both frass and greenfall may be temporarily retained in the canopy via their
silken webs. Such variability suggests that the methods applied in this paper should be applied within the context of a specific field
study to account for taxonomic and population differences across studies. 

Our approach addresses uncertainties in annual estimates of defoliation due to temporal sampling mismatches with key feeding 
phenologies (e.g., start, peak, and end) through the feeding season. Depending on the timing of field data collection relative to
phenological feeding period of larvae, average seasonal difference between actual and estimated frass was negligible for L. dispar
dispar in 2001 (average = 7.4 kg·ha − 1 , standard deviation = 5.8 kg·ha − 1 ) but large in 2000 (average = 637 kg·ha − 1 , standard deviation
= 915 kg·ha − 1 ) ( Fig. 5 ). The under-representation of L. dispar dispar frass from field samples in 2000 was associated with our missing
specific insect feeding phenologies during field sampling. Our method accounted for missing frass biomass not fully sampled in the
field during the entire feeding phenology. In the case of one field plot for C. pinus , the discrepancy between observed and estimated
frass during K-week cross-validation matched poorly for a given week. However, when we compared cumulative frass for both field-
8 
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collected frass and estimated frass for this particular plot, the difference was very small (22.60 kg·ha − 1 ) indicating that our method
can adjust such mis-matches between feeding phenology and field frass data collection ( Fig. 5 ). 

Accurate estimation of foliage biomass loss to defoliation, when scaled to total amount of host foliage biomass, provides an estimate
of annual defoliation [52] , which can then be used to assess growth reduction and mortality [ 7 , 19 , 29 ]. For instance, Kulman et al.
[29] in an analysis of tree growth rings revealed over 90% reduction in spring and summer growth during and two-years following
heavy C. pinus outbreaks in Minnesota. In an another study, 100% annual defoliation of by C. fumiferana in two consecutive years in
Maine reduced diameter growth of A. balsamea and P. glauca host by 54% and 64%, respectively (Chen et al. 2107). Given annual
defoliation information, growth reduction and mortality associated with defoliators can be derived from available empirical functions 
[ 7 , 19 ], which can then be used to assess ecosystem impacts, such as carbon fluxes [ 14 , 23 , 30 ]. 

Conclusion 

In this study, we demonstrated an approach to integrate field-collected frass and greenfall deposition data and BioSIM simulated
daily relative population data based on the feeding phenology. This approach provides the usefulness of available data (BioSIM) to
fill the critical gaps missed by annual sampling efforts of defoliation which may exist in many studies but have not fully utilized
yet. Improvement of field estimates of defoliation may enable better accounting of ecosystem impacts, such as tracking carbon and
nutrient fluxes, by reducing uncertainly in ecosystem-based models and increasing predictive power across a wider range of scales and
disciplines [ 23 , 26 , 51 ]. This approach should be suitable to calculate location- and defoliator-specific instar weighting parameters for
biomass estimation in other systems. The approach is especially useful for imputing the biomass consequences of defoliation in cases
where a defoliation event cannot be fully sampled through the season. Because defoliation events are episodic and often cannot be
well predicted in advance, it is likely that an approach such as this will be useful for estimating seasonal totals in many field studies. As
well, this approach facilitates estimation when resources may be limited for comprehensive sampling. However, we suggest that the 
direct use of our system-specific weighting parameters should be viewed with caution and field samplings are still recommended for
model calibration. When used in conjunction with multi-spectral satellite imagery, this approach may provide a basis for translating
spectral characteristics of both annual and cumulative insect disturbance to that of ecosystem impact at the landscape level [49] . 
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