		
Elephant Hill Douglas-fir Beetle 
Subcommittee Meeting
Tuesday, March 3, 2020 10:30am
Ts’kw’aylaxw First Nation Band Office

[bookmark: _Hlk34287356]Attendees:  Nolan Buis (chair, DMH), David (DMH); Lorraine, Kris (DTR); Mike, Tori (Skeetchestn); Ben, Jeff (West Fraser); Leanne (BCTS – 100 Mile); Travis (Ts’kw’aylaxw First Nation); Bert, Sarah (Bonaparte Indian Band)
Agenda & Meeting Minutes
1) [bookmark: _Hlk34300545]Review of last meeting’s actions (November 28, 2019 – Bonaparte)
· Districts to look into identifying survey units that may be lower risk to conduct SSS on, as well as the funding mechanisms to conduct Arch work on these units
· Ongoing
· First Nations Bands to look into the interest for taking on some SSS polygons; and to discuss ideas around how to conduct the Arch work on these survey units, or identifying low risk areas to guide SSS survey units. 
· Ongoing
· Districts to contact BC Parks about the possibility of treatments within parks.
· Completed, Kris and Nolan both contacted BC Parks about possible treatments within parks. The response from BC Parks was that: “various pieces of legislation, policy, and guidance apply to the parks and protected areas system in BC. The BC Parks Conservation Policy promotes natural processes will prevail within BC Parks and protected areas whenever possible.”
· [bookmark: _Hlk34300595]Licensees to contact Districts about any proposed treatments within survey units (funnel traps or MCH treatments)
· Ongoing, Clinton Community Forest will be working with DMH to place funnel traps within K4F CP 004. West Fraser has also approached DMH about using funnel traps in their 100 Mile House log yard as well as within CP 676.
· West Fraser (Tyrell) to reach out to BIB to confirm who is doing what within the Veasey/Maiden survey units. 
· Completed



2) Summary of 2019 activities & 2020 Plans (Everyone)
· West Fraser
· 2019: Completed recces of Cutting Permits within identified Survey Units, and some recces east of Deadman river in Kamloops District. One blanket salvage Cutting Permit (CP 676) laid out and recently approved in the Mound Rd. / Dougherty Lk. area. 2 of the cutblocks have over 80% attack and the remaining cutblocks will be mark to cut (11 cutblocks total). Some areas of the Allie Lake fire were recced, but minimal beetle attack in the areas surveyed. 
· For 2020, CP 576 is being harvested (IBD in remaining Fir). CP 72J in the Kamloops District may be able to use baits to draw in beetles along the edge of the fire prior to harvest. Students and contractors will be doing recces again within Survey Unit areas. West Fraser still plans to harvest burnt Fir in DTR, although the wood quality is beginning to decline. West Fraser will meet with DMH at the end of March to discuss possibilities for funnel trapping (CP 676 and in their log yard) as well as MCH deployment (CP 676).
· BCTS – 100 Mile
· 3 timber sales adjacent to Survey Units sold recently and will be prioritizing Survey Units for probing, planning to get one of the First Nations Bands to complete probing work. Coal Creek area is a hot spot for beetle activity, and will be planning a funnel trapping program for this area.
· Bonaparte Indian Band
· Probing complete on their Survey Units in the Veasey / Maiden area. Approximately 7500 stems of beetle attack were found within their polygons. Timber development in the area, but areas of steep slopes and limited road access will limit treatment options. Fall and burn was recommended as a treatment within some of the Survey Units, but the beetle is likely too widespread to use as a tool in this area. Mark to cut is another preferred treatment option where access is more available. For 2020, timber development ongoing in the Maiden area, and will be coordinating with West Fraser. BIB is interested in completing fall and burn work or other work with the Districts in 2020.
· Skeetchestn Indian Band
· Logging almost completed in Sparks Lk. / Sabiston area (approx. 30 loads left). Received funnel traps from Lorraine to set up in the logged areas and in their woodlot. Planning 2-person monitoring crew program for woodlot and in BCTS areas. In 2020, will be implementing more drone work, probing/monitoring in FNWL, and baiting (funnel trapping) their woodlot near Deadman.
· Ts’kw’aylaxw First Nation
· Actively educating community members on forest health activities in the area, and working with BCTS in Mountain Pine Beetle stands in the Lillooet TSA. Interested in being involved in forest health activities within the Elephant Hill fire as well.
· DTR
· Douglas-fir beetle training completed in 2019 for licensees and First Nations. Survey Units in Veasey / Maiden area probed in 2019 under contract with BIB. Kris to look into sharing reports with DMH. 
· 2020 plans: waiting for 2020-21 fiscal forest health budget allocation.
· DMH
· 2019 involved the creation of this subcommittee, developing a list of suitable treatments with the DTR Entomologist, mapping of Survey Units, developing recce procedures, and creating an FTP site to share data. MCH work was also completed around green Fir patches near Siwash ranch and Young Lake. Initial polygons were identified for potential Small Scale Salvage activities, these will be further refined in 2020 and shared with the group.
· 2020 plans: continue to work with licensees to conduct treatments within their Survey Units. DMH will be working with the Clinton Community Forest to implement a funnel trapping program. The funnel traps will be installed prior to April 15th and will be monitored during the IBD flight window (approx. April to September). DMH will also be working with West Fraser to develop a plan for funnel trapping / MCH deployment around their 100 Mile House mill and within CP 676 for April. MCH will be applied in-house by DMH around green Fir patches near Siwash ranch and Young Lake in April. Nolan to send out MCH shapefiles to West Fraser to ensure there is no activity overlap. DMH is also waiting on the 2020-21 forest health budget allocation to plan out further activities. Allocation letters are not usually sent out until April, which will make it difficult to plan some activities since the IBD flight occurs early in May.

3) Elephant Hill Territorial Patrols (David)
· IBD recce survey template
· David Majcher and Chelsea Enslow have been working to create an IBD recce survey template that could potentially be completed in conjunction with territorial patrols. 
· [bookmark: _Hlk34301618]Draft survey template was shared with the group, David to make edits based on recommendations from Lorraine and the rest of the group. David will share once edits have been made.
· Survey123
· Survey template will be used through the Survey123 app. Data collected in Survey123 is connected with ArcGIS. There is potential to conduct these IBD recces with territorial patrols (Skeetchestn is interested). Training (through Districts) on how to use Survey123 and on how to conduct the IBD recces would need to be completed prior to use. Would be beneficial to complete these recces as soon as possible in the season (June-July) due to archaeology timelines.
4) Aerial Overview Survey results (Nolan)
· 2019 Shapefiles
· Final 2019 AOS data is now available for use, including tabular and spatial data via the FTP link below: https://www.for.gov.bc.ca/ftp/HFP/external/!publish/Aerial_Overview/2019/

5) Forest Health treatment updates outside of Elephant Hill (Lorraine)
· Updated status on proposed western spruce budworm spray program:
· Approximately 8,000 hectares planned in the Criss Creek, Logan Lake, and Merritt areas. Letters have been sent to stakeholders, and Lorraine has maps if interested. Planning to spray for 3-5 days in June. Lorraine will be monitoring populations this spring.
· Douglas-fir Tussock Moth
· Current outbreak in Cariboo Region – 20,000 hectares planned for spraying this year.
· Spruce beetle research
· Spruce beetle research has been happening along the Duffy Lake corridor. The researcher (Dr. Kathy Bleiker, CFS) would like to continue her work up in that area and possibly select one or two new sites. See attached paper below for more information on the research.



6) Potential Small Scale Salvage Polygons (Nolan/David)
· Survey Unit polygons identified for Small Scale Salvage (SSS)
· Shapefiles sent out in 2019, and currently stored on the EH IBD subcommittee FTP site. These shapefiles will likely need further refinement this year.
· Archaeology discussion to encourage Small Scale IBD sanitation
· Challenges around timeframes to complete archaeology work prior to salvage. Can we do an AOA over SSS polygons to risk assess areas to identify where a PFR is required? 
· Discuss opportunities for efficiencies, risk tolerance, and cost savings around archaeology to encourage Small Scale IBD sanitation
· [bookmark: _GoBack]Example: Low risk areas as determined by AOA, could SSS occur on snowpack without a PFR? (no road or landing construction). Current AOA may not support this, and a proper AOA model is needed as there is currently little information to go on. A new AOA model from Prince George was recently presented, but this was not well received by the AOA group who attended the meeting.
· Combine PFR with probing/baiting on low to moderate risk areas?
· Lidar – we will have lidar coverage in DMH, can we try using this to better inform the AOA? First Nation bands believe that lidar can help to identify low risk vs. high risk areas, and ultimately help to guide SSS activities. David to send out data sharing agreement for lidar use to group.

7) Other/additional topics – open floor (Everyone)
· Heli-logging currently going on in the Williams Lake TSA, any opportunities within the fire? This will likely be William Lake District’s last year with a heli-logging program, high-cost and generally not recommended by the Entomologists. 
· Current stumpage rates do not work for forest health treatments. A tabular rate for forest health is needed.
· First Nations bands would like to be involved with apportionment decisions.
· This will be year 3 following the fire. The beetles are likely to start moving outside of the fire (except for remaining green Fir patches in the fire area):
· Use funnel traps where possible to help to keep beetles within the fire perimeter.
· MCH high-hazard green Douglas-fir stands.
· The ability for licensees to salvage fire-damaged wood for sawlog is running out. Therefore, beetle salvage opportunities in fire-damaged stands will become limited shortly, although there may be some ability to remove wood and chip/grind rather than salvage for sawlogs.
· Link for MCH ordering:
· https://semiochemical.com/mch/
· Lorraine (via email following the meeting): A group of biologists are monitoring bat-catches in funnel traps (and other insect traps) so for any of you servicing the funnel traps this season, could you let Lorraine know of any bats that may get caught in your traps. 

8) [bookmark: _Hlk34303896]Review any ongoing and new action items
[bookmark: _Hlk34300959]Last meeting’s ongoing actions (November 28, 2019 – Bonaparte):
· Districts to look into identifying survey units that may be lower risk to conduct SSS on, as well as the funding mechanisms to conduct Arch work on these units
· Ongoing
· First Nations Bands to look into the interest for taking on some SSS polygons; and to discuss ideas around how to conduct the Arch work on these survey units, or identifying low risk areas to guide SSS survey units. 
· Ongoing
· Licensees to contact Districts about any proposed treatments within survey units (funnel traps or MCH treatments)
· Ongoing, Clinton Community Forest will be working with DMH to place funnel traps within K4F CP 004. West Fraser has also approached DMH about using funnel traps in their 100 Mile House log yard as well as within CP 676.
New actions:
· DTR (Kris) to look into sharing probing reports on Survey Units completed by BIB with DMH.
· DMH (Nolan) to send out 2020 MCH shapefiles to West Fraser to ensure that there is no activity overlap.
· DMH (David) will share the IBD recce survey template for Survey 123 with the group once the edits have been made.
· DMH (David) to send out data sharing agreement for lidar use to the subcommittee.

9) Next Meeting
· 10:00 am on April 15th, 2020 at Bonaparte. Jenny/Greg to send out location of meeting to subcommittee.
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Abstract

Insects respond to environmental conditions with a variety of developmental responses which include changing
developmental rates, or suppressing development altogether in quiescence or diapause. Such responses have
important implications for survival and voltinism. The spruce beetle, Dendroctonus rufipennis Kirby (Coleoptera:
Curculionidae), has long been assumed to have an obligatory adult diapause based on field observations that adults
always overwinter prior to dispersing and reproducing; however, it has never been experimentally demonstrated
and recent evidence suggests that adults in some populations may exhibit facultative tendencies. We examined
the emergence of adults at a constant 22°C after exposure to 2°C for 0 (no cold), 25, 50, and 75 d. Our observations
of a delayed and extremely protracted emergence period in the absence of a substantive cold period, which could
last several months, in combination with rapid, synchronous mass emergence after a substantive cold period, are
most consistent with an obligate diapause. Approximately 50% of individuals could complete diapause in 55 d at
2°C, and 75 d of cold was adequate for almost all individuals to complete diapause. Beetles that emerged slowly
over time may still have been in diapause; however, additional research would be required to test this hypothesis.
Conditions throughout the beetle’s range in Canada should facilitate successful completion of diapause. An obligate
adult diapause for spruce beetle populations in western Canada would limit the shortest possible life cycle to 1 yr,

but would also serve to maintain an adaptive 1-yr life cycle, especially under a changing climate.

Key words: spruce beetle, Dendroctonus rufipennis, diapause, developmental delay

Insects respond to environmental conditions with a variety of de-
velopmental responses which include changing developmental rates,
or suppressing development altogether and entering a state of dor-
mancy. Such developmental responses may allow insects time to pre-
pare for adverse conditions, such as cold winters, and to synchronize
development with suitable environments (Denlinger 2002; Kostél
2006; Danks 2002, 2007). Dormancy is divided into quiescence and
diapause. Quiescence is an immediate response to unfavorable con-
ditions and direct development (morphogenesis) resumes once the
limiting physiological factor(s) has surpassed a critical threshold
(Kostal 2006). In contrast, diapause is a centrally and hormonally
regulated alternative developmental pathway, which includes mul-
tiple phases (induction, preparation, initiation, maintenance, and ter-
mination) during which the insect undergoes a series of physiological
events before diapause ends (Tauber and Tauber 1976, Kostal 2006).
After diapause, insects may persist in a quiescent state until condi-
tions become favorable for development. Diapause is referred to as
facultative, when the arrest is triggered by specific environmental

cues, or obligatory, when developmental arrest occurs in a certain
stage regardless of the environmental conditions (Denlinger 2002,
Kostal 2006, Hodek 2012). Genetic heterogeneity may lead to con-
siderable inter- and intra-population variation in the type and in-
cidence of diapause, as well as its intensity and duration (Tauber
and Tauber 1976, Kostil 2006, Hodek 2012). The developmental
response of insects to environmental conditions has implications for
phenology, voltinism, and species interactions (Danks 2002, Forrest
2016). Effective management strategies and assessing the potential
consequences of climate change on insects requires an understanding
of the developmental responses of insects to environmental factors
(Forrest 2016).

Development of the spruce beetle, Dendroctonus rufipennis
Kirby (Coleoptera: Curculionidae), is particularly interesting as
it has been reported to have both facultative and obligatory dia-
pauses in different life stages. Spruce beetle preferentially attacks
downed and weakened host trees where it competes with sec-
ondary bark beetles for ephemeral resources (Poland and Borden
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1998). When population levels are high, spruce beetle can attack
and kill healthy mature trees through coordinated mass attack,
which overwhelms tree defenses (Safranyik et al. 1985). Major
outbreaks have been attributed to stand disturbances, such as
blowdown events, which provide the ideal acutely stressed host
material that allow populations to increase; once the preferred
weakened hosts have been depleted, high-density populations
will attack and kill living trees (Schmid and Frye 1977, Safranyik
et al. 1985). The beetle has a large transcontinental range in
North America that extends from northern Alaska through
Canada and into the southern United States following the dis-
tribution of spruce along the Appalachian and Rocky Mountains
(Wood 1982). All native species of Picea in the range are potential
hosts. Adults disperse and attack trees in the spring or summer,
depending on local temperatures. Eggs are laid under the bark
where the larvae feed and complete development to the adult
stage. The length of the life cycle depends on temperature and is
usually 2 yr, but may be completed in 1 yr in regions or years with
warm growing seasons, or extended to 3 yr under cooler thermal
regimes (Massey and Wygant 1954, Knight 1961, Wood 1982,
Berg et al. 2006, Werner et al. 2006).

Adult spruce beetles apparently always overwinter once regard-
less of the length of the life cycle, and larvae overwinter once in the
2-yr life cycle and twice in the 3-yr life cycle (Massey and Wygant
1954, Dyer and Hall 1977, Safranyik et al. 1990, Hansen et al.
2001, 2011). Studies indicate that the larval or prepupal diapause
is facultative although results vary in the instar which is sensitive
to the environmental cue (Dyer 1970, Dyer and Hall 1977, Hansen
etal.2001,2011). An obligatory diapause for new adult beetles has
long been presumed based on field observations that adults always
seem to overwinter before dispersing to new host trees and repro-
ducing (e.g., Massey and Wygant 1954, Knight 1961, Safranyik
et al. 1990). To our knowledge, an obligate diapause has never
been experimentally demonstrated for adults, although Massey
and Wygant (1954) reported reduced reproductive success in bee-
tles that had not overwintered. Recently, Schebeck et al. (2017) cite
unpublished observations which support that the adult diapause
may be facultative in some populations because a proportion of
beetles were observed successfully reproducing in the absence of a
cold period. Bleiker and Meyers (2017) reported reduced, delayed,
slower emergence of spruce beetles in the absence of a cold period.
Adult diapause has been indicated in other beetles (Hodek 2012),
including in other Dendroctonus, although there has been some
ambiguity whether the tendency is obligate or facultative and if it
varies geographically (e.g., Ryan 1959, Langor and Raske 1987,
Forsse 1991, Dolezal and Sehnal 2007, Lester and Irwin 2012,
McKee and Aukema 2015). Any developmental response has po-
tential implications for spruce beetle demography and population
dynamics. An obligate adult diapause could synchronize emergence
and facilitate access to defended trees, and serve to maintain sea-
sonality. Developmental responses may also affect spruce beetle’s
response to variation in annual weather or climate change. For
example, an obligate adult diapause would limit the shortest pos-
sible life cycle to 1-yr, while a facultative diapause would allow for
multiple generations a year given sufficient thermal sums. A change
in developmental rate could lead to asynchrony in emergence or
phenology.

We examined the developmental response of adult spruce beetles
with and without a cold period. This study is part of a larger project
that seeks to refine parameters that can be used to assess the effect of
annual weather patterns, as well as climate change, on the outbreak
potential of spruce beetle.

Materials and Methods

Insects

Four interior spruce trees (Picea engelmannii Parry ex. Engelm x
P. glauca Moench), 35-45 cm in diameter at 1.4 m, were felled several
weeks before the beetle’s flight at a site north-east of Prince George in
central British Columbia (PG, N 54.34° W 122.30°; elevation: 810 m),
and at a site near Duffey Lake in southern British Columbia (DL, N
50.38° W 122.34°; elevation: 1,100). To promote attack around the
circumference of the bole, we shaded the top of the bole of felled trees
with branches cut from the crown or nearby saplings. On 1 and 26
June 2018 when spruce beetles at the PG and DL sites, respectively,
were in the process of constructing galleries and laying eggs in the
trees, five bolts approximately 35-cm long were cut between 6 and 8
m on the bole of each tree. The infested wood was transported to the
Pacific Forestry Centre in Victoria, British Columbia and the cut ends
were sealed with paraffin wax to reduce desiccation.

Treatments

The infested wood for each population was held in separate growth
chambers at 22°C and insect development was periodically monitored
by removing small pieces of bark from several randomly selected
bolts and observing the life stages present. Brood had reached the
fully darkened adult stage by 16 August 2018 and 4 September 2018
for PG and DL, respectively. At this time, bolts were placed in mesh
emergence cages before beetles started to emerge, and one randomly
selected bolt from each tree received one of the following cold treat-
ments before being returned to 22°C for an additional 90 d: 25 d at
2°C, 50 d at 2°C, and 75 d at 2°C. The exceptions were: an error re-
sulted in two bolts from the same tree being assigned to the 25 and 50
d at 2°C cold treatments for PG only, so there were three trees in each
of these treatments instead of four. Insects were pooled across the two
bolts from the same tree in the 25 and 50 d treatments. We chose a
cold treatment of 2°C because it was well below the estimated lower
developmental threshold for spruce beetle of 6.1°C (Dyer et al. 1968,
Dyer and Hall 1977). One bolt from each tree was maintained at 22°C
for the duration of the experiment in a no cold (0 d at 2°C) treatment.
Emerging beetles were collected three times weekly and counted. After
the 90 d period at 22°C, the bark was removed from each bolt with
a mallet and chisel and carefully broken apart to find any insects in,
or under, the bark. The number of nonemerged live and dead brood
adults was determined. For the no cold treatment, the 90 d at 22°C
began on the day the other cold treatments were initiated for each
population. Sample sizes ranged from 262 to 774 beetles per bolt, and
the mean (SD) number of brood adults in a bolt was 358 (56) for DL,
and 551 (106) for PG. The photoperiod of the 22°C was 16:8 (L:D) h
and the photoperiod of the 2°C walk-in cold room was 24 h of dark.

Degree Days

The average number of degree days over the estimated lower de-
velopmental threshold for spruce beetle of 6.1°C (Dyer et al. 1968,
Dyer and Hall 1977) was calculated using BioSIM v. 11 for each
site from the mean of 50 simulations per year using climate normals
from 1981 to 2010 (Régniére 1996). BioSIM spatially interpolates
temperature data from the eight nearest Environment Canada moni-
toring stations and adjusts for distance and elevation. Degree days
were simulated from the daily min-max temperature values using
the double-sine method in BioSIM for a calendar year as well as
from the start of the main emergence period at each site. We esti-
mated the start of the main emergence period as 15 June for DL and
30 May for PG; this estimate came from our personal experience
at each site over several years and consultation with local foresters.
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Analysis

We used generalized linear models (distribution: binomial distribu-
tion; link: logit) to test if the proportion of all beetles (emerged and
underbark) that emerged by days 21 and 90 varied with site, tree
nested under site, and cold treatment. Inverse prediction was used to
estimate the number of cold days required for 50% emergence of all
beetles based on emergence by day 21 for each tree, and a t-test was
used to test for an effect of site. The 21 d sample time was selected
because emergence from one treatment had largely just finished, and
there was still variation among the other treatments in emergence
at this time, which would provide the best estimate (Fig. 1). Further,
the timeframe for emergence was seen as ecologically relevant: bee-
tles that could not emerge under 21 d at 22°C would most likely
miss the best opportunity for colonizing new hosts in the field (see
Discussion). Cold treatment (0, 25, 50, 75 d) was treated as a nu-
meric factor and analyses were performed in JMP version 14 (SAS
Institute, Cary, NC) with significance set at <0.05.

Results

The proportion of all beetles (emerged and underbark) that emerged by
day 21 varied with site, tree, and cold treatment (site %> = 13.0, df = 1,
21, P = 0.0003; tree nested under site y* = 127.6, df= 6, 21, P < 0.0001;
cold treatment % = 9845.8, df = 1,21, P < 0.0001). Emergence was most

rapid following the 75 d at 2°C treatment with the vast majority of in-
sects emerging by day 21 from all trees at each site (Figs. 1 and 2). Beetles
were in the midst of rapidly emerging from the 50 d at 2°C treatment
on day 21 (Fig. 1); however, a lower proportion of beetles mass emerged
from this treatment compared to the 75 d treatment (Table 1). Very few
beetles had emerged by day 21 in the no cold and 25 d cold treatments,
with the exception of one tree from DL in the latter treatment (Fig. 1).
This DL tree likely contributed to significant site and tree effects at day
21 because there was no difference between the predicted number of
days at 2°C for 50% emergence in 21 d between sites (¢ = 9.5, df = 6,
P = 0.40). The predicted number of days at 2°C for 50% emergence in
21 d ranged from 53 to 58 d for DL trees (mean (CI) = 56 (54, 58)) and
50 to 58 for PG trees (mean (CI) = 54 (53, 55)).

The proportion of all beetles (emerged and under bark) that
emerged by day 90 also varied with site, tree, and cold treatment
(site > = 284.5, df = 1, 21, P < 0.0001; tree nested under site
x> = 1184.2, df = 6, 21, P < 0.0001; cold treatment %> = 4154.8,
df =1,21, P <0.0001). A higher proportion of beetles emerged from
DL than PG by day 90 in the no cold and 25 d cold treatments, con-
tributing to the significant effect of site (Fig. 1, Table 1). Overall, for
most trees and both populations, the onset and emergence rate of
beetles in the 50 d cold treatment lagged slightly behind that of the
75 d cold treatment, and a lower proportion of beetles emerged from
the 50 d treatment in 90 d (Fig. 1, Table 1).
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Fig. 1. Cumulative emergence of all spruce beetles (emerged and underbark) from infested bolts cut from three or four recently attacked trees at Duffey Lake
(DL) in southern British Columbia and Prince George (PG) in central British Columbia. Each tree at a site is represented by a line. Insects were reared to fully
darkened adults at 22°C and then subjected to 2°C for 0 (no cold), 25, 50, or 75 d before being returned to 22°C for 90 d. For the 0 d or no cold treatment, the 90 d
period started on the day the other cold treatments were initiated. After 90 d at 22°C, the bark was removed and the number of live and dead insects determined.
The total number of beetles in each tree (emerged and underbark) in each treatment was 262 or greater (see text). The dotted gray line at 21 d marks the sample

time for data presented in Fig. 2.
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Fig. 2. Proportion of all spruce beetles (emerged and underbark) that
emerged after cold treatments within 21 d at 22°C from bolts cut from four
infested trees at Duffey Lake (DL) in southern British Columbia or Prince
George (PG) in central British Columbia. Insects were reared in bolts from
eggs to fully darkened adults at 22°C and then subjected to 2°C for 0 (no
cold), 25, 50, or 75 d before being returned to 22°C for 21 d. The four trees at
each site are represented by a line on the graph, and only three PG trees were
in the 25 and 50 d cold treatments. The number of beetles emerged by day 21
at 22°C and the total number of beetles in each bolt were used to estimate the
number of days at 2°C to induce 50% emergence in 21 d at 22°C: estimates
ranged from 53 to 58 d for DL trees and 50 to 58 d for PG trees (see text). The
21 d sample time was selected because emergence was essentially complete
from one treatment at this time and the timeframe for emergence was seen
as ecologically relevant (see text). The total number of beetles (emerged and
underbark) in each tree in each treatment was 262 or greater (see text).

There was notable among-tree variation within site in the rate of
emergence for PG no cold, and DL no cold and 25 d cold treatments
(Fig. 1). The pattern of emergence for one DL tree varied from the
other trees in the 25 and 50 d cold treatments Fig. 1. Emergence
was delayed in both populations from most trees in the no cold and
25 d cold treatments. With the exception of the one DL tree in the
25 d cold treatment, it took over 40 d at 22°C before there was
notable emergence from the no cold and 25 d cold treatments for
either population (Fig. 1). Fewer beetles emerged from PG than DL
in both the no cold and 25 d cold treatments within the 90 d experi-
mental period (Table 1); however, insects were still in the process of
emerging from these treatments when the experiment was termin-
ated. Most beetles under the bark were still alive after 90 d at 22°C,
with the exception of the 25 d cold treatment for the DL population,
which had the highest mortality rate at 22% (Table 1).

The average (SD) annual cumulative number of degree days over
6.1°C at each site was almost identical at 1,305 (448) and 1,306
(457) days for DL and PG, respectively. The average (SD) cumulative
number of degree days from the estimated start of the main emer-
gence period at each site to the end of the calendar year were also
similar at 1,086 (287) and 1,119 (303) for DL and PG, respectively.

Discussion

New adult spruce beetles from both populations exhibited a strong
developmental response to cold treatment. Our observations of a
delayed and extremely protracted emergence period in the absence
of a substantive cold period, which could last several months, in
combination with rapid, synchronous mass emergence after a sub-
stantive cold period, are most consistent with an obligate diapause
(Fig. 1). Identifying the exact type of developmental response in

some insects is challenging because there is no unequivocal marker
of diapause; categorical terms may not always fit the continuous or
gradual response of an insect to environmental stimuli; and there
may be overlap in developmental responses at the population and
individual levels (Kostal 2006). Beetles experienced a developmental
delay under presumably favorable conditions at a constant 22°C in
the absence of an apparent environmental cue, which excludes qui-
escence or facultative diapause as the trigger of the delay. A severe
slowing of the developmental rate of new adults at 22°C could po-
tentially explain the delay, but the rate would have to change by var-
ying degrees to account for individual variation in emergence time in
the no cold and 25 d cold treatments (Fig. 1). This seems somewhat
unlikely given all insects experienced identical conditions. Further,
it would also require an extreme increase in the developmental rate
after chilling such that all insects developed so fast after a substan-
tive cold period to account for such rapid synchronous emergence.
An obligate diapause would explain the default developmental delay
at 22°C and mass emergence after a substantive cold period. The
longest cold period of 75 d was sufficient for most beetles to suc-
cessfully complete diapause, and approximately 55 d at 2°C allowed
approximately 50% of individuals to complete the diapause process.

The beetles that emerged slowly in some of the treatments may
have eventually completed diapause at 22°C under the bark and
then emerged. However, this seems unlikely considering that dia-
pause almost always serves to synchronize phenology and there
was extreme variation in emergence times despite insects being ex-
posed to identical conditions. A more likely explanation is that these
slowly emerging beetles were still in diapause because there was no
environmental stimulus to facilitate the termination of diapause
(Kostal 2006). Environmental factors modulate the expression and
rate of diapause, and usually specific stimuli, like chilling, affect the
change in diapause intensity that occurs in the termination phase,
at least under field conditions (e.g., Kostal 2006, but see Hodek
and Hodkova 1988). Morphogenesis stops in diapause, but insects,
particularly free-living larvae and adults, may still undergo super-
numerary larval molts, and be active (Ko$tal 2006). Thus, it is highly
plausible that a behavioral programme eventually caused some bee-
tles to actively chew their way out from under the bark while still
in diapause. Beetles may have been emerging with the intent of re-
locating to the base of the tree for overwintering. Apparently 3-88%
of spruce beetles may emerge and relocate to the base from late July
through October, but the factor(s) that determine the proportion
that move remains unknown (Massey and Wygant 1954, Knight
1961). We considered rapid mass emergence to signal the end of dor-
mancy, be it the successful completion of diapause, the end of a qui-
escent period, or diapause followed by quiescence until conditions
were favorable for development. Although we cannot be certain that
mass emergence equals the end of dormancy in spruce beetle, it is
consistent with how mass emergence is interpreted in a wide variety
of insect species experiencing dormancy, including bark beetles (e.g.,
Ryan 1959, Langor and Raske 1987, McKee and Aukema 2015).
Further work would be required to confirm that beetles that emerged
slowly over time were still in diapause.

There are limited benefits to emerging slowly over time. Beetles
emerging late in the season could face less exposure to natural en-
emies, and less intraspecific competition when colonizing an ephem-
eral resource, such as a freshly downed host, that may become
available sporadically over the growing season. However, the pro-
longed emergence strategy seems relatively risky and largely mal-
adaptive for both host colonization and overwintering survival.
Downed or stressed trees, the beetle’s preferred hosts, are often dam-
aged during winter storms, and it would be advantageous for spruce

020z Aieniga4 9z uo Jasn (A1seio-) uojuowpd - Aieiq] ueDYN Aq 981 889S/86/1/67/10BANSB-3011B/88/W00"dNo"dlwapede//:sdily WoJl papEojuMO(]





102

Environmental Entomology, 2020, Vol. 49, No. 1

Table 1. Mean percentage of emerged and underbark spruce beetles after exposure to 2°C for 0 (no cold), 25, 50, or 75 d and then 22°C for

90d

Site Days at 2°C

Mean (SE) Emerged, %

Mean (SE)
Underbark Live, %

Mean (SE)
Underbark Dead, %

Duffey Lake 0 (no cold) 49 (17)
25 47 (12)
50 71 (10)
75 96 (1)

Prince George 0 (no cold) 24 (10)
25 15 (7)
50 75 (5)
75 94 (1)

45 (20) 6 (4)
31(19) 22 (12)
24 (9) 5(4)
3(1) 2(1)
71 (12) 5(2)
81(7) 4(1)
24 (5) 2(1)
2(1 4(1)

Insects from Duffey Lake (DL) in southern British Columbia and Prince George (PG) in central British Columbia were reared from eggs to fully darkened
brood adults at 22°C and then subjected to cold treatments before being returned to 22°C. For the no cold treatment (0 d), the 90 d period started on the day the
other cold treatments were initiated. After 90 d at 22°C, the bark was removed and the number of live and dead insects determined. Four trees were sampled per

site, with the exception of PG 25 and 50 d treatments where there were three sample trees. The percentages of emerged and underbark live and dead insects were

calculated from at least 262 insects per tree (see Materials and Methods) and the averages of the three or four trees are presented in this table. Insects were still

emerging from some treatments when the experiment was terminated on day 90 (see Fig. 2). Site, tree nested under site, and cold treatment affected the proportion

of beetles that emerged (see Results).

beetle to emerge early and colonize these hosts in the spring to avoid
competition with numerous secondary bark beetles (Massey and
Wygant 1954, Poland and Borden 1998). Delayed emergence also
may not be conducive to establishing a brood that is able to reach
the prepupal diapause stage prior to the onset of winter (Hansen
et al. 2001, Hodkova and Hodek 2004, Danks 2007). Lastly, a non-
synchronous, prolonged emergence period would be detrimental for
high-density populations that overwhelm the defenses of healthy
trees through coordinated mass attack. Emergence was so protracted
from the no cold and 25 d cold treatments—it was still on-going
when the experiment was terminated at 90 d—that many beetles
would not be able to emerge during the growing season.

The estimated time required to complete diapause was similar
between sites, but in the absence of cold, or only 25 d of cold, a
higher proportion of beetles emerged from DL trees than from PG
trees by day 90. Degree days above 6.1°C as estimated by BioSIM
were similar between the sites, and thus growing season temperat-
ures could not account for any differences. However, winters are
colder at the PG site than the DL site (NRCan 2017). Diapause in-
tensity may be greater in the PG population due to its colder win-
ters, and beetles in a deeper diapause may be less likely to exhibit
emergence behavior over time. Any difference between populations
should also be considered with the caveat that we used naturally
infested wood collected from the field when most brood were in the
egg stage, and cold treatments were initiated based on the appear-
ance of darkened adults. Thus, there could be slight variation in the
age of darkened adults that we were unable to perceive, which con-
tributed to population differences.

A spruce beetle population from Utah also required a cold
period to induce emergence; however, Schebeck et al. (2017) posit
that the adult diapause may be facultative in other populations in
the southwestern United States because adults successfully repro-
duced without a cold period. Two other spruce beetle populations
from western Canada only mass emerged after a cold period, and
emergence was delayed and protracted in the absence of a cold
period, suggesting an obligate adult diapause in those populations
(Bleiker and Meyers 2017). Temperatures during an average winter
throughout spruce beetle’s range would likely be sufficient to com-
plete diapause because Picea species grow in cold or cool climates.
Spruce beetle would experience the mildest winters in the Pacific
Northwest region of the United States, and the south coast of British

Columbia, including southern Vancouver Island, where the average
winter temperature may be as warm as 4°C (Government of Canada,
2019). The impact of fluctuating temperatures, temperatures below
2°C, and temperatures greater than 4°C and less than 22°C, on the
developmental response of adult spruce beetle have not yet been
tested. For Douglas-fir beetle, 90 d at 12.5°C was sufficient for the
completion of diapause for 80% of the population, but 50 d was ap-
parently insufficient; temperatures between 3 and 6.5°C were most
ideal for diapause development (Ryan 1959). The persistence of en-
demic spruce beetle populations in a region with mild winters like
southern Vancouver Island, suggests that some combination of time
and temperature likely allows for diapause to be completed, at least
in a proportion of the population. An obligate adult diapause for
spruce beetle populations in western Canada (this study, Bleiker and
Meyers 2017) would limit the shortest possible life cycle to 1 yr, but
would also serve to maintain an adaptive 1-yr life cycle, especially
under a changing climate.
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