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Executive Summary

Red pine, the state tree of Minnesota, was an
important element of pre-settlement forests, and a
significant timber species during the early 20" century.
Red pine has been widely propagated since the late
1950s and has proven its value in terms of growth,
pest resistance, soil conservation, wildlife,
biodiversity, aesthetics, recreation, and timber value.
Also, it facilitates a silvicultural system with regular
selective harvests over along rotation time, which
allows for growing economic returns to landowners
and the forest products industry while simultaneously
favoring forested landscapes that include more large
trees and old-growth stands than the region has known
since the early 1900s. Becauseit is only now that the
first rotation of plantings are maturing into forests,
land managers have surprisingly limited experience on
which to base management decisions. For example,
thereis limited ability to know when, or where, there
will be consequential mortality of adult trees from
drought and bark beetles, and what, if anything, can be
done to mitigate the undesirable impacts. Motivated
by the most recent drought, we conducted studies to
address the following questions: (1) Why isred pine
mortality associated with drought and bark beetles
more common in the Anoka plains of east central
Minnesota than in nearby, apparently similar, forests;
e.g., the Colfax region of west central Wisconsin? (2)
Are there predictable patterns in tree mortality within
aregion that are related to soil type? (3) Do bark
beetle infestations tend to become self-perpetuating
eruptions following a drought?

The Anoka Plains and the Colfax region,
separated by ~ 90 miles, both contain extensive red
pine forests that experience similar climates and grow
on sandy soils derived from glacial outwash. The
Anoka Plains have received an average of 6% less
annual precipitation, which seems inadequate by itself
to explain the history of recurrent droughts and forest
disturbance. However, analyses of river discharge data
indicated that the sandy soils of Anoka are different
enough from the loamy sands of Colfax to strongly
affect the probability of droughts. In ~20 years since
1930, the median weekly discharge rate from rivers
that drain the Anoka plains have dropped below 30%
of the long-term average. This comparesto only 1
year that rivers draining the Colfax region have been
so low. Droughtsin 2000, 1988-89, 1976, 1964, and
the 1930s were plainly evident in the river discharge
data, which suggests that real-time, online, discharge
data provided by the USGS can be used to recognize
droughts at the time when tree water stressis
maximal. The recent drought at Anoka apparently
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reached its nadir in October of 2000. Some tree deaths
became evident the following winter. More extensive
tree mortality during the next two growing seasons
was apparently due to an epidemic of the bark beetle,

I ps pini, that was triggered by the drought. Regional
differencesin the rates of red pine growth and
mortality are so large that optimal silvicultural
practices (e.g., harvest schedules) must be different,
but we know of no regionally customized guidelines
that are presently available to land owners and forest
managers.

Results supported the hypothesis that popul ations
of I. pini are normally regulated at endemic levels by
resource limitations, but can switch to an epidemic
state following a resource pulse from drought-killed
trees. Endemic populations of I. pini may function
chiefly as scavengers of trees that are dying for other
reasons, while epidemic populations seem to escape
resource limitations by attacking, killing, and
reproducing within healthy trees. Under this model,
bark beetles amplify climatic effectsinto self-
perpetuating episodes of forest disturbance. Direct
death of trees from drought may be less important than
drought as a factor that triggers state changes of bark
beetles from endemic to epidemic. Pest systemswith
multiple equilibria are ideal candidates for cost-
effective control, because occasional intervention can
drive eruptions back to endemic levels where they will
tend to be maintained by natural regulatory forces. In
the case of 1. pini, it is relatively cheap and easy to
monitor local populations with pheromone-baited
funnel traps to identify potential eruptions before they
occur (our sampling suggested an action threshold of ~
500 I. pini / stand). To our knowledge, this was the
first test for eruptive population dynamicsin |. pini.
Conclusions should be regarded as tentative, but
indicate the possihility for cost-effective mitigation of
forest disturbance in regions such as the Anoka Plains.
We suggest that a plan be devel oped and implemented
to evaluate different possible strategies for pest
monitoring and control. This could probably be done
in away that: (1) permits validation or refinement of
bark beetle population models; (2) tests for possible
undesirable side effects, e.g., removal of natura
controls by predators; and (3) providesimmediate
reductions in tree mortality from beetles.



Introduction

At the time of European settlement, red pines (Pinus
resinosa) were a dominant element of forests
throughout the western Great L akes region, especially
in the sandy soils derived from glacial outwash (Curtis
1959, Bonnicksen 2000). Red pine and white pine (P.
strobus) largely supported the early timber industry in
this region (Walker 1998), which in turn shaped the
economic and cultural development of northern
Minnesota and Wisconsin (Fries 1951, Swanholm
1978, Birk 1999). Accordingly, red pineisthe state
tree of Minnesota. Virtualy all of the mature red and
white pine forests were logged by the 1930s and the
associated forest products industry waned. However,
red pine has been widely propagated since the late
1950s and has proven itself to be an excellent
silvicultura optionin that it: (1) grows well even on
sites that are barely arable without irrigation; (2)
resists pests and pathogens that often exert severe
impacts on white pine stands (e.g., white pine weevils,
blister rust, and deer browsing); (3) contributes to soil
conservation, protecting the most vulnerable soil types
from erosion by water (roots and duff layer) and wind
(year round foliage), often stabilizing sites previously
eroded by bad agricultural practices; (4) is anative
species that generates wildlife habitat and promotes
biodiversity; (5) produces forests with broad human
appeal for aesthetics and recreation; (6) generates logs
with good value and high demand; and (7) facilitates a
silvicultural system with regular selective cuttings but
along rotation time, which alows for growing
economic returns to landowners and the forest
products industry while simultaneously favoring
forested landscapes that includes more large trees and
old-growth stands than the region has known since the
early 1900s.

Thus red pine forests have returned to Minnesota
and Wisconsin, and grow in size and value with each
year. Asred pine regeneration programs of the 1950s
and 1960s have begun producing merchantable timber,
red pine has aready replaced depleted stocks of jack
pine and spruce to become the major source of
softwood fiber for the Lake States long established
paper industry, and has re-energized the softwood
lumber industry, reversing a near century of decline.
In Minnesota, red pine forests accounted for 382
million acresin 2001 (compared to 71 million acres of
white pine), up from 247 million acresin 1977
(Minnesota Forest Resources Information Cooperative
2003). Similarly, a1996 forest inventory in
Wisconsin reported 988 million cubic feet of red pine
compared to 929 million cubic feet of white pine
(Wisconsin Department of Natural Resources 1996).
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The value of forest industry shipmentsin WI during
1996 was $19.7 billion (compared to $8.4 hillion in
1982). Furthermore, the percentage of sawtimber
volume in highest quality classifications (grades 1 and
2) increased from 28% in 1983 to 40% in 1996. As
the size and value of these forests grows, so grows the
importance of their management.

Sinceit isonly now that the first rotation of
plantings are maturing into 2™ growth forests, which
are destined to one day become our only old growth,
foresters and landowners have surprisingly limited
experience on which to base some important
management decisions. For example, thereislittle
basis for knowing when or where there will be
consequential mortality of adult trees from drought
and bark beetles. If some soil types or regions have
predictably higher mortality rates for trees, the
expected half life for a cohort of trees will be reduced,
which, among other things, influences the successional
trajectory of aforest managed for wildlife, and
changes the optimum harvest schedule of aforest
managed for economic returns. Thereisalso little
basis for evaluating the costs and benefits of pest
control effortsin mature stands of red pine. One of
the most significant pests of mature pinesin the Great
Lakesregion isthe pine engraver beetle, I ps pini
(Schenk and Benjamin 1969, Sartwell et al. 1971,
Geiszler et al. 1984, Klepzig et al. 1991, Rasmussen et
al. 1996, Kegley et a. 1997, Ayres et al. 1999, Santoro
et a. 2001). I. pini isregarded by many forest
entomol ogists as an occasionally eruptive species
(Berryman 1987) that normally has little impact on
healthy trees, but which can produce sustained
outbreaks when environmental conditions such asa
drought or windthrow allow the development of large
populations that then become self-sustaining through
continued successful mass-attacks on otherwise
healthy trees. Such populations are excellent
candidates for cost-effective control because occasional
efforts can suppress eruptions back to low (endemic)
populations levels where they then tend to be regulated
by natural forces. Based on this theoretical principle,
rather extensive control programs (mass-trapping)
were conducted in the Sand Dunes State Forest
following the drought of 1988-89 and in Itasca State
Park following the windstorms of 1996-97. However,
the underlying theory has not been tested for I. pini. If
it does not hold, then bark beetle control efforts such
as mass-trapping or sanitation logging would have less
benefit, no benefit, or even make matters worse by
delaying the onset of natural controls from predators.
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Objectives

We conducted studies during 2002 to address the

following questions:

1. Why istree mortality associated with bark beetles
more common in the Anoka plainsthan in
superficially similar regions, e.g., west central
Wisconsin?

2. Arethere predictable patternsin tree mortality
within aregion that are related to soil type?

3. Do bark beetle infestations tend to become
self-perpetuating eruptions following a drought?

Background for Objective 1: Why regional
differences?

The Anoka Plains of east central Minnesota, including
Sand Dunes State Forest in Sherburne Co., contains
significant stands of red pine that generally grow well
but have a history of bark beetle outbreaks coincident
with droughts (e.g., 1976, 1988-89, and 2000-01).

The Colfax region of nearby west central Wisconsin
also contains extensive stands of red pine that are
comparable in age and structure to those in MN.
However, tree mortality from bark beetles or drought is
very rare in the Colfax region. In 15 years of studying
bark beetlesin red pine forests, we have only
witnessed very occasional instances of individual trees
that might have died from drought or bark beetles, and
we have never observed the simultaneous infestation of
multiple live trees. Most foresters and landownersin
the Colfax regionunderstandably ignore bark beetlesin
their management. These two regions have similar
sandy soils derived in part or whole from glacial
outwash and are near enough (90 miles) that one
would expect similar temperatures and precipitation
(Fig. 3). We compared these regions with respect to
historical patternsin precipitation to test whether
climatic patterns could account for the apparent
differencesin tree mortality from droughts and bark
beetles. We also compared soil characteristics and
river discharge patterns to test the aternative
hypothesis that patterns are due to soils and drainage
rather than climate. Finally, we compared regions
with respect to site index for red pines and interannual
variation in diameter growth to test whether trees on
the Anoka Plains are more water limited for any
reason.

Background for Objective 2: Site-specific patterns
in tree growth and mortality?

Sites that are generally suitable for red pinein the
Anoka Plains include some soils with banding, which
tendsto slow the drainage of soil water out of the
rooting zone, and other soils that lack banding. Soils
with banding appear to support higher tree growth on
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average, presumably because of increased access to
water, but may also increase susceptibility to drought.
This could be because root systems on banded soils are
shallower, due to generally higher water availability in
the upper soil zones and increased mortality of those
roots that extend into deeper zones subject to water
saturation that limits oxygen supply. Treeswith such
root systems may be more susceptible to drought
during dry years when water becomes depleted in the
upper soil zones. Thus, red pines growing on soils
with low site index (reflecting average growth) may
develop deeper root systems that make them better
able to survive droughts. One alternative hypothesisis
that average growth is positively correlated with
drought tolerance, including resistance to bark beetles.
We tested these hypotheses by measuring tree growth,
and tree mortality associated with arecent drought,
across arange of soil types near Sand Dunes State
Forestin MN. We also measured soil water profiles
within each site.

Background for Objective 3: Arel. pini populations
eruptive on the Anoka Plains?

During July 2001, more than 50 patches of red pine
mortality were detected in Sherburne and I santi
Counties during aerial surveys by Minnesota Forest
Health personnel. Thiswas thought to be the result of
adrought during 2000, which had ended by 2002.

The eruption hypothesis assumes that populations are
regulated around one of two equilibria, at endemic or
epidemic levels (Fig. 1). Under this model,
populations can undergo a state change from endemic
to epidemic if some exogenous factor (e.g., a drought
that kills some trees and produces a pulse of high
quality food resources) permits populations to exceed
an escape threshold beyond which further resource
limitations are relaxed because they are able to employ
mass-attacks to kill additional trees. In the case of
bark beetles, resource limitations that regulate
populations around the endemic equilibrium are
expected to produce a pattern of increasing
colonization density in suitable host materia (fresh
logs and recently killed trees) with increasing
abundance of colonizing adults within the forest stand.
When local abundance of colonizing adults exceed the
hypothetical escape threshold, colonization density in
logsis predicted to decline as some adults participate
in attacks of nearby live trees. We tested these
predictions (Fig. 2) with studies of multiple
infestations in and around the Sand Dunes State
Forest, a putative epidemic population, and multiple
stands of red pine on the Colfax Plains, a putative
endemic popul ation.



Methods

Objective 1: Regional comparison of precipitation,
soils, river discharge, and tree growth
Weidentified 10 weather stations within about 50 km
of our study sites near Anoka, MN (Fig. 5) and Colfax,
WI (Fig. 6). Monthly climate records since 1940 were
downloaded for each site from the National Oceanic
and Atmospheric Association (NOAA 2003). We
calculated annual growing season precipitation for
each site as the total from 1 October of the previous
year through 30 September of the growing year. We
calculated indices of summer and winter temperatures
as average daily temperate for June-August and
December-February, respectively.

We identified two United States Geological
Service gaging stations in each region with on-line,
long term records of daily discharge rates. Elk River
near Big Lake, MN (USGS 2003a), Rum River near
St. Francis, MN (USGS 2003b), Red Cedar River at
Menomonie, WI (USGS 2003c), Hay River at
Wheeler, WI (USGS 2003d). The location of these
gaging stationsisindicated on Figs. 5-6, and, in
higher resolution, at the USGS web sitesin the
bibliography. We downloaded the full history of daily
discharge rates for each station, which went back to
1930 in most cases. Daily discharge rates showed
frequent brief surges that corresponded to precipitation
events, but also indicated atendency to return towards
amoving baseline that reflects the rate of groundwater
input and might be interpretable as a measure of
regional soil water availability for trees. We estimated
this moving baseline for each station for each week of
the data record (as the median of 7 daily records). The
weekly interval was selected as being atime period
that is physiologically relevant to trees; i.e., aweek of
severe water deficits would be expected to evoke
drought stressin trees. To look for drought signals
over thefull 70 year record, we calcul ated the annual
minimum of median weekly discharge for each station
and plotted the time series and frequency distributions.
These data were compared against historical reports of
droughtsin both regions. Weekly discharge rates were
plotted for 3-4 year intervals that encompassed
putative droughts at Anoka. We also plotted the
frequency distributions of median weekly discharge
rates (n ~ 3600 weekly values for each site).

We used USDA soil surveys for Sherburne County,
MN and Dunn County, WI to compare the attributes of
the soils supporting the red pine stands that we
studied. We calculated siteindicesfor red pineat a
sample of 30-50 year-old red pine stands in each
region (see below). We extracted increment bores
from red pines in both regions, including a sample of
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60-100 year-old trees, to test for regional differencesin
the effects of water availability on annual diameter
growth.

Objective 2: Site specific patternsin tree growth
and mortality

We selected 8 red pine stands near Sand Dunes State
Forest to include a spectrum of soil types and arange
of tree mortality following the drought of 2000 (Fig.
3). Weaso chose 5 sites near Colfax, WI (separated
by 1 - 10 km) that included a spectrum of soil typesin
thisregion. At each site, we measured tree heights
with alaser hypsometer, diameter at breast height of 5
trees/ site, and basal areawith an English BAF 10
prism (3 measurements/ site). We extracted and
mounted increment cores at 1 m height from 3 trees at
each site. Siteindex was calculated from age and
height following Lundgren and Dolid (1970). On 23-
27 August, 2002, we collected one soil core from each
site (3/4" diameter to 90 cm depth). Cores were
sectioned into 14 cm lengths, weighed immediately,
then dried and re-weighed to obtain water content as
percent mass. At the same time, we surveyed 600-
1000 trees at each site to estimate percent mortality
during 2000, 2001, and 2002. Treeswith no needles
produced during the last year, and few dead needles
till remaining on the tree, were judged to have died
during 2000. Those with no live foliage, but holding
needles produced during 2001 were judged to have
died during 2001, and those with red foliage and
current beetle attacks were classified as dead in 2002.
These categories seemed to be quite discrete.

Objective 3: Test for eruptive behavior in
populations of | ps pini

We used 12-unit Lindgren funnel traps to estimate the
abundance of 1ps bark beetles at each study site during
the early summer flight period in 2002 (4 weeks of
sampling from 26 May to 25 June). This sampling
was timed to capture beetles that had successfully
overwintered and were destined to reproduce during
the summer. At each site, we deployed an array of
four funnel traps, configured as an approximate square
of ~20x 20 m. Two traps per site were baited with
the pheromone signal of Ips pini, ipsdienol +
Lanierone, one was baited with the pheromone signal
of I. grandicollis, ipsenol, and one was baited with the
pheromone signal of |. perroti, ipsenol and ipsdienol
(Ayreset al. 2001). Pheromone lures were bubblecaps
purchased from PheroTech: elution ratesof 0.2 mg/ d
for ipsdienol (racemic) and ipsenol, and 0.01 mg/ d
for Lanierone. Traps were emptied weekly and, at the
same time, lures were rotated among traps to guard
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against spurious effects from trap position. Later, trap
captures were counted and identified.

At each site, we also measured beetle colonization
densitiesin logs. Inlate May, two trees were felled at
each site, and 5, 50-cm long logs were removed from
the mid-bole of each tree. At thistime, 5logs (2 or 3
from each source tree) were spread over each site (one
log near each funnel trap, and one in the center of the
trapping area). The other five logs were covered with
atarp, to prevent beetle colonization, until 15-20 July,
when they were placed in the same locations as the
first set of logsto provide aresource for colonization
by the 2™ generation of I. pini. At thistime, the first
set of logs were consolidated and covered with atarp
to prevent further colonization by beetles. On 22-27
August, we measured the colonization density by Ips
of each trap log. We carefully removed a40 x 22 cm
section of bark from the upper surface of each log and
counted the number of oviposition galleries, each
representing one adult female that entered the log and
began laying eggs. For each site, we calculated
average experienced attack density, ExpAD, as:

Eql

where | = index for each log within a site, imax = the
number of logs within asite, n, = number of attacking
females per log, and area, = dnv of area sampled
within each log. This calculates the density
experienced by an average ovipositing female within
each site, which is more appropriate than the average
density per log for estimating effects of intraspecific
competition on population growth rate. It turned out
that by the time of our measurementsin late August,
the logs colonized during June were too damaged by
wood borers and other phloem-feeding insectsto
mesasure | ps colonization densities. Hence, our
subsequent analyses were restricted to logs col onized
after 15 July. When we examined thelogsin late
August, we collected samples of adult Ips from the
trap logs for identification. Not all of these have been
examined yet, but it appeared that most, or al, werel.
pini, which is as expected since the |. pini always has
multiple generations per year in this region, whilel.
grandicollisand I. perroti typically just have asingle
generation (Ayres et al. 2001).
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Resultsand Discussion

Objective 1la: Regional comparison of precipitation
and temperature

Since 1940, annual precipitation near Anoka averaged
about 6% less, with dslightly greater inter-annual
variation, than near Colfax: average mean + average
SD =29.5+ 6.3 inches/ year vs 31.9 £ 5.5 inches/
year (Table 1). Average summer temperatures were
slightly warmer near Anoka (68.7 vs. 67.7 °F) and
average winter temperatures were slightly cooler (14.5
vs. 15.3 °F) (Table 1). Neither Table 1 nor Fig. 7
indicated that the Anoka sand plains near Sand Dunes
State Forest receive less precipitation than areas 20-30
miles further north, south, east, or west. Stations at
Santiago and Elk River, about 10 miles north and
south, respectively, of Sand Dunes State Forest (Fig.
5), have received annual precipitation that is
representative for the broader area (Table 1, Fig. 7).

In general, there was little variation in annual
precipitation among sites within aregion. Thetime
series of annual precipitation since 1930 showed clear
inter-annual variation in both regions, and some of the
historical droughts were evident in the Anokatime
series (Fig. 7); e.g., precipitation lows during 1976,
1987-88, and 2000 correspond to times of drought as
evidenced by tree mortality and, sometimes, peat fires.
Droughts reported in 1980-81 and 1965 were less
evident in the Anoka precipitation data, and the
extended drought of the mid 1930s (* Dust Bowl”) was
not very conspicuous. The precipitation time series for
Colfax (Fig. 7, lower) was qualitatively similar to that
of Anoka. In Fig. 7, there appear to be fewer years at
Colfax vs. Anokathat stand out as having
conspicuously lower precipitation. On the other hand,
comparison of frequency distributions (Fig. 8) indicate
that the interannual variation in precipitation was
quite similar between regions. In general, interannual
precipitation patterns were well correlated between the
regions; i.e., dry yearsin Anoka also tended to be dry
yearsin Colfax (Fig. 9).

Objective 1b: Regional comparison of river
discharge

River discharge data showed very clear signals of all
the reported droughts near Anoka (Fig. 10).
Interannual variation in minimum weekly discharge
rates were highly correlated between Rum River and
Elk River, indicating that minimum weekly discharge
is primarily driven by regional climatic patterns,
rather than local land use, or local precipitation
events. In both watersheds, an empirical drought
threshold of < 30% of the long term average in weekly
discharge rates did a good job of identifying drought
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years - better than precipitation patterns (compare Fig.
10 and Fig. 7). Discharge data from two rivers near
Colfax area also showed high correlation across years
(Fig. 11). Thedry years of 1988-89 and the Dust

Bowl were evident in the Colfax rivers, but, in contrast
to the Anoka Plains, the annual minimum in weekly
discharge rates never dropped below 30% of the long
term average. Thisis consistent with the historical
rarity of tree mortality from drought in the Colfax
region. The frequency distributions of minimum
annual discharge from the Anoka Plains differed from
those of the Colfax region in tending to be skewed to
theleft (Fig. 12); i.e., alarger proportion of the years
had low minium discharge rates in the Anoka Plains
than near Colfax. The regional differences were even
more pronounced in the frequency distributions of
weekly discharge rates (Fig. 13). Thevariancein
weekly discharge was dramatically higher in the
Anoka Plains than near Colfax: coefficient of variation
(SD / mean) = 1.23 and 1.31 for Elk and Rum Rivers
vs. 0.67 and 0.83 for Red Cedar and Hay Rivers.

Thus, weekly discharge in the Anoka Plains frequently
dropped below the empirical drought threshold of 30%
of the average while this has almost never happened in
the Colfax region (Fig. 13). Note that there were
strong regional differencesin discharge variability
even though precipitation variability was quite similar
(compare Figs. 8 and 13).

Discharge data also permitted higher resolution in
identifying the timing of historical droughts (Fig. 14).
For example, discharge data indicate that the recent
drought reached its nadir in October-November of
2000 (Fig. 14, upper), which is consistent with
observations of dead and dying trees during aerial
surveysin the winter of 2000-2001. Discharge rates
remained above the drought threshold during 2001
and were well above average during 2002. Discharge
dataindicate that the drought of the late 1980s
extended through two summers, 1988-89, and
followed record highs during the summer of 1986
(Fig. 14, 2™ panel), which might have exacerbated the
effects by producing root mortality in saturated soils.
The drought of 1976 reached its nadir in September of
1976 (Fig. 14, 3 panel), and the drought reported
from the mid 1960s appears to have reached its nadir
in August of 1964 (Fig. 14, lower panel).

Objective 1c: Regional comparison of soils

Our study sites spanned four mapped soil types
within each region (Table 2). Both regionsinclude
sandy soils, derived from glacial outwash, that are
characterized as having excessive permeability,
limited available water capacity, and low fertility.
However, the pine-bearing soils of the Anoka Plains
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are amost exclusively glacial outwash while the
Colfax region also includes sandstone residuum
derived from the sandstone that was only 30-60 cm
below the surface of two study sites. There are two
separate glacial historiesin the Colfax lobe of the
Central Plain in Wisconsin. The entire landscape was
thought to be glaciated only once, covered by the
farthest reach of the first Wisconsinian glacial
advance, the Altonian (30,000-50,000 YBP). It was
very thin in the Colfax area, and thirty thousand years
later, thetill left behind is only inches deep on the
upland areas that were not covered and reshuffled by
the outwash of alater glacial advance, the
Woodfordian (ca 10,000 Y BP), which stopped ~ 30
km north of our study sites (Paull and Paull 1977).
Now the region includes numerous sandstone ridges
(20-60 m high) covered by shallow soils (18-60 cm)
made up of weathered Altonian residuum, plusloess
and decayed sandstone. The soils between the ridges,
especially near rivers that drained the Northern
Highlands, contains extensive sandy glacial outwash
of the Woodfordian glacier (Laberge 1994). Thus,
soils of the Colfax region, although tending to be
sandy throughout, have two different histories, and
somewhat different characteristics: tending to be
relatively deep, outwash sands in the lowlands, versus
shallow loams, underlain by sandstone, on the ridges.
The two soils commingle and intergrade throughout
the region.

The Anoka soils are classified as fine sand, loamy
fine sand, or fine sandy loam. While the Colfax soils
areloamy sand or loam. This suggests larger particle
size and more rapid drainage through the Anoka soils
compared to Colfax, which is consistent with the
pattern of more variable river discharge rates from
Anoka (Fig. 12), and more frequent drought (Figs. 10
vs. 11), even though precipitation is only 6% |lower
and no more variable (Fig. 8). Based on the soil
survey data, the regions also differ in that Anoka soils
tend to be more acidic and have lower available water
capacity (Table 2). Somewhat surprisingly, the soil
survey data revealed no differences in permeability or
percentage of soil passing through sieves of four
different size classes.

Objective 1d: Regional comparison of tree growth
The regional differencesin red pine growth were
larger than we guessed a priori. In Anoka, stands that
were 45 - 55 years old were 52 - 66 feet tall and 7.7 -
10.9 inches diameter, while in Colfax, the stands were
4 - 15 years younger, but the trees were larger: 67 - 72
feet tall and 8.6 - 11.0 inchesin diameter (Table 3).
We calculated the average site indices (expected
height at 50 years) to be 60 vs 84 feet at Anokavs.
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Colfax. By comparison, site indices calculated for
similarly aged red pine stands near Itasca State Park in
western MN averaged 58 ft (Ayres et al. 1999).

We have not yet completed analyses of historical
growth patterns based on tree rings, but visual
inspection of the cores suggests that diameter growth
on the Anoka Plains was somewhat lower on average,
and much more variable between years, than in the
Colfax region. We hypothesize that climatic effects on
red pine growth will be weak or absent near Colfax,
but strong, and related to droughts as quantified by
river discharge, near Anoka.

Objective 2: Site specific patternsin soil moisture
profiles, tree-growth, and tree mortality

Tree mortality associated with the 2000 drought on the
Anoka Plains ranged from 6 to 122 trees/ 1000 (Table
3). There was no obvious association between site-
specific tree growth and tree mortality. Anoka sites
with the highest tree mortality (4 and 6) had the lowest
and highest siteindices (Table 3). Neither were there
clear associations between mapped soil types and tree
growth or tree mortality (Table 3). Soil type 1258 fs
included one site with low growth and high mortality
and another with high growth and low mortality.
Three sites on soil type 158A fs also included a broad
range of siteindices and tree mortality. Two sites on
soil 1256 Ifs had low site indices and moderate tree
mortality. Further tests will be possible after the
analysis of growth rings. The origina hypothesis
predicts that sites with the highest average growth
tend to have high interannual variance in growth, and
relatively high rates of tree mortality. Ideally, testsfor
rel ationships between tree growth, soil, and tree
mortality would begin by selecting study sites at
random with respect with tree mortality, which was
not the case here (because tests for eruptive population
dynamics - Objective 3 - were stronger with sites
deliberately chosen to span arange of beetle
abundance and tree mortality).

Soil moisture profiles showed evidence of perched
water in some sites at Anoka but not others (Fig. 15).
In 7 of 8 sitesat Anoka, soil moisture at most depths,
at the time of our sampling was about 5% by mass. In
site 2, soil moisture increased from 5% at 60 cm to
12% at 85 cm. Insite 5, soil moisture was elevated to
near 10% at 18 cm, and to 17% at 78 cm. Thefine
sandy loam at site 10 had substantially higher water
content, averaging about 10%, with higher amountsin
the upper 10 cm, and declining amounts below 70 cm
(Fig. 15). The sites that showed evidence of perched
water (2, 5, and 10) had site indices that were average
or below average (56, 61, and 53 ft; Table 3). Sail
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moisture profiles varied somewhat within mapped soil
types (Fig. 15). Inferences from the soil moisture
measurements were constrained because we had no
replication within sites or across dates. Thuswe
cannot judge whether measurements are representative
for the stands, even on the day of measurements.
However, it appears that more such sampling would be
feasible and permit arigorous test of the hypothesis
that red pines growing in banded soils tend to have
higher growth on average, but are also more
susceptibility to drought.

Soil moisture in the two loamy sands at Colfax
also tended to be about 5% (Fig. 16). Chamnis North
showed evidence of some perched water at about 50
cmand 85 cm. At Dickinson, soil water jumped to >
10% near 62 cm depth. The two loam soils, which lay
only 30 60 cm above sandstone, had conspicuously
higher soil moisture of ~ 10%. Calculated site indices
were very constant among 4 sites (80 - 84 ft) and
somewhat higher (89 ft) on one of the sites with PdB
loamy sand.

Objective 3a: Abundance, species composition, and
pheromone preferences of the bark beetle
community
As expected, |. pini were more abundant in the Anoka
Plains compared to the Colfax region (Table 4). With
the same trapping protocol, captures of 1. pini from
late May to late June (the flight time of the
overwintering generation) averaged about 8-fold
higher in Anokavs. Colfax (826 / sitevs. 111/ site;
Table4). I. grandicollis were also more abundant in
Anoka, but less so (only about 50% higher).
Surprisingly, 1. perroti were actually less abundant in
Anokathan Colfax (Table 4). The two most abundant
predators, Thanasimus dubius (Coleoptera: Cleridag)
and Playtsoma cylindrica (Coleoptera: Histeridae)
were both about 7-fold more abundant in Anoka than
Colfax. The abundance of predatorsrelative to prey,
(T. dubius + P. cylindrica) / total Ips, was about 2.5x
higher in Anoka compared to Colfax. Thisis
consistent with the hypothesis that these specialist
predators increase in their abundance after a year or
two of high prey abundance. Presumably, this
generates some negative feedback (with adelay) on the
population growth rates of bark beetles (as has been
reported for some other bark beetle systems; Turchin
et a. 1999). Itisnot known whether or not this
negative feedback is sufficient to eventualy drive bark
beetle populations back to an endemic equilibrium, or
whether it is merely sufficient to regulate abundance
around an epidemic equilibrium (see Fig. 1)

Bark beetle pheromone preferences in both regions
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matched those reported in earlier studies conducted
near Colfax, WI and Itasca State Park, MN (Table 5):
95 -96% of 1. pini were captured in traps baited with
ipsdienol + Lanierone; and 73 - 94% of |. grandicollis
were captured in traps baited with ipsenol by itself.
The two most abundant predators were captured with
all three pheromone signals, but were most attracted to
the signal that is produced and preferred by I. perroti
(ipsenol + ipsdienol). This suggests a hypothesis for
why |. perroti were relatively rare in the forests where
I. pini were very abundant.

Objective 3b: Test for eruptive behavior in
populations of | ps pini

As expected, beetle-attacked trees were common in the
Anoka Plains and very rarein the Colfax region:
average tree mortality rates during the three years
from 2000-2002 were 15.8 vs. 0.5 tree deaths per 1000
trees per year for Anoka and Colfax, respectively
(Table 3). Across 8 red pine stands on the Anoka
Plains, average tree deaths per 1000 were 6.4 in 2000,
24.7in 2001, and 6.9 in 2002. In al but one Anoka
Site, tree deaths peaked in 2001. Tree attacks during
2002 were positively related to abundance of 1. pini
during early summer (Fig. 17, upper). Therewasa
suggestion of athreshold for tree attacks, as predicted
by the theoretical model for eruptive population
dynamics (Fig. 2, upper). Tree attacks became
relatively common when early summer trap captures of
I. pini exceeded about 500 per two traps per month
(Fig. 17, upper).

Colonization densities of logs by I. pini were aso
higher in Anoka than Colfax: mean experienced
density + SE=25+0.1vs. 1.1 + 0.2 ovipositing
females / dn?, respectively (Table 2). Acrossall 13
red pine stands that were studied, the density of I. pini
in logs colonized during August was related to trap
captures of overwintering |. pini adults during June
(Table 2). However, this relationship was nonlinear,
with a peak when trap captures were intermediate
(Fig. 17, lower). Therewas strong statistical support
for the nonlinearity of this relationships (AIC for 2™
order polynomial vs. linear model = 5.57). Theform
of this relationship, and the match between athreshold
for tree attacks and the peak in colonization density,
were as predicted by the theoretical model for eruptive
population dynamics (compare Figs. 2 and 17). The
support for this model, although based on only asingle
year of data, is strengthened by the fact that the test
involved rather specific predictions about the
interrel ations among three independent variables
(local abundance as measured by trap captures,
colonization densitiesin logs, and the number of live
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trees attacked during the summer). Presumably, beetle
colonization densitiesin logs started to decline after
trap captures exceeded about 800 because some beetles
were participating in successful attacks of live trees,
which increased the resource base for ovipositing
females, and eased competition for phloem. Results
suggest that the escape threshold for I. pini (Negape iN
Fig. 1) isat 600 - 800 captures per two funnel traps

per month.

Conclusions

Regional differencesin tree growth, tree mortality,
and bestle outbreaks

Tree mortality rates are clearly much higher on the
Anoka Plains than areas within 90 miles that
experience similar climates and have similar sandy
soils. Thiswas obvious not only from the counts of
mortality events during the last 3 years, but also from
dramatic differences between the regionsin the
numbers of downed trees from earlier deaths; such
logs were abundant throughout pine standsin the
Anoka Plains but were rare or absent in pine stands
near Colfax. The differencesin tree mortality are
difficult to explain based on the modest (6%)
difference in average annual precipitation. Apparently
thereis a strong effect from the Anoka Plains being
made up of soils that drain more rapidly than those
near Colfax. Still, the direct effects on red pine forests
of lower and more variable soil water would probably
be modest were it not for the presence of bark beetles
that can apparently be triggered by drought episodes to
switch from endemic populations that rarely kill trees
to epidemic populations that commonly kill trees.
Thus the explanation for differences between red pine
forests near Anoka and Colfax appear to involve
strong interactions between climate, soils, and beetle
population dynamics. The regional differencein tree
mortality ratesis surely enough to influence optimal
harvest schedules, and is also surely enough to warrant
careful consideration of bark beetle management on
the Anoka Plains, even while forest managers near
Colfax can generally ignore them without
consequence.

With constant annual mortality rates of 0.5/ 1000,
such as we observed at Colfax, and other things being
equal, ared pine stand would experience 48 deaths/
1000 trees over 100 years. Since 1930, there appear to
have been about six significant droughts on the Anoka
Plains. We estimated that the 2001 drought resulted
in mortality of 15.8 trees/ 1000. If thereisone
drought per 12 yearsthat results in the death of 15.8
trees / 1000, on top of a background annual mortality
rate of 0.5/ 1000, ared pine stand would experience

Py 8



175 deaths / 1000 trees over 100 years. These
calculations are very simplistic. In particular, they fail
to account for: (1) the risks of catastrophic losses
associated with droughts more severe than that of
2001, (2) mortality risks associated with fire,
blowdown, fungal pathogens, and ice damage; (3)
potential for minimizing risks through selective
harvesting. Nonetheless, these cal culations suggest
that there would be value in developing more
sophisticated projections to aid in the devel opment of
long term management plans for red pine stands that
account for regional differencesin tree growth and
mortality rates on timber yield and stand structure over
50 - 100 year time frames. Our senseisthat itis
realistic to manage red pine stands near Colfax for a
time frame of >100 years, while reasonable rotation
times for red pine stands near Anoka may be
substantially less. These calculations also suggest that
the expected lifespan for red pine stands near Anoka
may be extremely sensitive to consideration of bark
beetle risks in site selection and management.

In addition to modifying red pine management
strategies on the Anoka plains, it may make sense to
consider other tree species for future reforestation.
Because tree/bark beetle interactions can be quite
species-specific, and because tree species differ in
moi sture requirements and drought response, planting
other conifersinstead of red pine, may make sense.
Mixed species plantings in some areas have shown
promise for managing pest/tree interactions, and offer
the additional benefit of providing a more diverse
ecosystem. Our work offers no insight as to the
suitability of alternate tree species, but could help
establish parameters for comparisons.

Application of USGS hydrological discharge data
Analyses of river discharge data suggest that there
would be value in monitoring USGS discharge data to
recognize potential droughtsin the early stages and
implement appropriate, cost-effective responses (e.g.,
minimizing log decks that could permit buildups of
bark beetles, and conducting aerial and ground surveys
for early signs of tree deaths and beetle activity). This
would also facilitate studies of tree water status and
resin defenses during the time of presumed maximal
water deficits. Such studies are needed to understand
how drought influences the defenses of trees that
would survivein the absence of beetles. Available
data suggest that resin defenses of pines are actually
increased by moderate water deficits (Reeve et al.
1995, Ayres et al. 1999, Lombardero et a. 2000), but
patterns at Anoka are also consistent with the
alternative hypothesis that drought stress compromises
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tree defenses. Resolution of these competing
hypotheses will aid in understanding how beetle
control efforts and stand management can mitigate
risks of tree mortality.

USGS river discharge data may have broader
applicability for: (1) objectively identifying regions
that are generally susceptible to consequential
droughts; and (2) monitoring entire states for local or
regional droughts. This broader applicability depends
upon the unvalidated proposition that patterns
identified here based on four riversin two county-sized
regions can be extended to a broader spatial scale.
However, it would cheap and easy to begin evaluating
the generality of, for example, the 30% drought
threshold suggested here. Among other benefits,
results would likely enhance our ability to anticipate
the consequences for forests of changes in temperature
and precipitation that have already occurred and are
likely to accelerate (U.S. Global Change Research
Program 2000). We can expect climate changes to
continue to alter patterns of soil water availability in
Minnesota, and the effects on forests, whether positive
or negative, are likely to be the largest and most
immediate in regions like the Anoka. Plains.

Correlationswithin aregion between local soil
types, averagetree growth, and stand susceptibility
to droughts

We were unable to resolve what, if any, arethe
patterns between local soil types, tree growth, and
stand susceptibility to drought and beetles. However,
the question isimportant and deserves further study.
We suggest that a subsequent study include replicate
pine stands selected at random from within different
mapped soil types. Within these stands, one could
mesasure: (1) soil moisture profilesasin Figs. 15-16,
replicated within each stand and across the season; (2)
tree mortality via surveys for dead trees and downed
logs; (3) historical patternsin height and diameter
growth; and (4) depth of roots. Resultswould aid
forest managers and landowners in selecting sites for
red pine propagation, and customizing management of
red pine stands for site-specific characters (e.g.,
harvesting schedules, tree selection during harvesting,
pest monitoring, and pest control).

Implicationsfor under standing effects of climate on
tree mortality and beetle populations

Results indicate that there are potential benefits to
monitoring populations and treating those that have
exceeded the escape threshold that separates endemic
populations from eruptions. Apparently, climate and
beetles interact to determine tree mortality rates and
forest disturbance regimes. Direct death of treesfrom
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drought may be less important than drought as a factor
that triggers state changes of bark beetles from
endemic to epidemic. If it were otherwise, the impacts
of beetles would be restricted to times when trees are
dying, or have compromised defenses, as aresult of
climatic stress. Asit appearsto be, beetle mortality
may continue for years after a drought abates.
Potential control strategies for Ipsin red pine forests
include mass-trapping with pheromone-baited funnel
traps, deployment and destruction of trap logs, and
aggressive sanitation. In our judgement, it remains to
be established that these control strategies can be
effective and practical for pine systemsin Minnesota,
but if 1. pini populations tend to have endemic and
epidemic states (Fig. 1), thereis potential valuein pest
control. The correlation among stands between trap
capturesin early summer and tree attacks during the
summer, suggests that control might be effective at the
stand level (not necessarily requiring expensive
regional efforts). We recommend that a plan be
devised for implementing pest control effortsin some
stands that are above the estimated escape threshold
(Fig. 17) and leaving other such stands as controls.
Thiswould permit the evaluation of different possible
control strategies, the continued testing and
refinement of modelsto predict bark beetle population
dynamics, careful assessment of possible undesirable
side effects (e.g., removal of natural controls by
predators) and, hopefully, the mitigation of expensive
beetle impacts within treated stands.
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Table 1. Comparison of annual precipitation (since 1940) and mean temperatures near Anoka, MN and Colfax, WI

Annual precipitation Summer temp. Winter temp.
(incheslyr, Oct-Sept) (° F, June-Aug) (° F, Dec- Feb)
Region Site Years Average sp? Average sp® Average sp®
Anoka, MN Santiago*** 41 30.9 6.6 68.3 18 145 48
Anoka, MN Elk River*** 49 29.1 5.8
Anoka, MN Buffalo 40 29.1 6.1 69.8 20 155 4.2
Anoka, MN Cambridge 54 28.6 5.6 68.0 23 13.7 40
Anoka, MN Cedar 36 317 6.7 69.0 17 15.7 4.2
Anoka, MN Collegeville 57 284 6.7 69.3 18 14.6 4.4
Anoka, MN Maple Plain 43 29.6 53 69.5 23 151 41
Anoka, MN Milaca 55 29.0 6.7 67.9 20 14.0 43
Anoka, MN St. Cloud 53 27.2 5.9 67.8 17 13.0 4.2
Anoka, MN St. Francis 30 31.0 7.1
Mean = 295 6.3 68.7 20 145 43
D = 14 0.6 0.8 0.2 0.9 0.2
Colfax, WI Bloomer*** 56 31.3 5.8 68.4 2.1 15.8 4.0
Colfax, WI Menomonie*** 59 30.4 5.4 69.7 19 17.9 4.0
Colfax, WI Amery 61 30.9 5.7 67.9 1.8 141 4.2
Colfax, WI Baldwin 49 314 55
Colfax, WI CedarFalls 51 32.9 59
Colfax, WI Eau Claire 53 31.0 51 68.7 17 15.7 4.2
Colfax, WI Holcombe 60 321 5.2 67.3 2.1 15.7 45
Colfax, WI Mondovi 49 321 59 69.5 19 17.9 45
Colfax, WI Rice Lake 49 319 51 67.3 19 14.3 41
Colfax, WI Ridgeland 49 325 55 67.0 1.8 14.2 4.3
Colfax, WI Spring Valley 37 313 5.6
Colfax, WI Weyerhauser 55 32.7 6.0 66.1 19 14.9 3.8
Mean = 319 55 67.7 19 153 4.2
s = o7 0.3 12 0.1 1.4 0.2

*** = closest station to study sites
SD? = standard deviation among years
SD” = standard deviation among sites



Table2. Summary of soil typesin red pine stands near Anoka, MN and Colfax, W1 (based on soil surveysfor Sherburne Co, MN and Dunn Co, WI). One
additional soil was represented among the studied pine stands at Anoka (Scandia fine sandy loam at Site 10).

Anoka soils represented in sampling

Colfax soils represented in sampling

Soil map symbol 158 1258 1256
. Zimmerman fine  Zimmerman fine  Cantlin loamy fine
Soil name .
sand sand, thick solum sand

Mixed, frigid Argic Mixed, frigid Argic Mixed, frigid Typic

Family or higher taxonomic class Udipsamments Udipsamments Udipsamments

Landform Outwash plains Outwash plains Outwash plains
Parent material Glacial outwash Glacial outwash Glacial outwash
Bossive  EBcesive L
Cropland considerations . p(.armeabl I_|ty, . pgrmeabl I_|ty, limited available
limited available  limited available S
. ) water capacity; acid
water capacity water capacity il
Denth to mottling or banding banded a 5-6 feet banded a 6.6 feet + \© bz“ff'e”;"med
pH 51-65 51-65 5.0-6.0
Permeability (in/ hr) 6-20 6-20 6-20
Available water capacity (in/in) 0.07-0.09 0.07-0.09 0.10-0.12
Percentage passing sieve #4 95 - 100 95- 100 100
Percentage passing sieve #10 95 - 100 95- 100 100
Percentage passing sieve #40 10-20 10-20 50- 75
Percentage passing sieve #200 15-20 50- 75
Extent of the soil (% acresin county) 58 7 6
Water table depth (ft)* >6 >6 35-6

PfA PbB EmB UnB
Plainfield loamy }
sand Plainbo Loamy sand Elkmound loam Urne-Norden loam

Coarse-loamy, mixed,

Mixed mesic, Typic Mixed frigid, Typic mesic, Dystric

Udipsamments Udipsamments

Loamy, mixed, mesic,
Lithic Dystrochrepts

Eutrochrepts
Outwash plains, .
stream termaces Base of steep slopes Sandstone mantle Upland ridgetops
Glacial outwash Glacial outwash Sandstone residuum Sandstone residuum
Excessive Excessive Shallow soils subject to
- - . Moderate
permesability; permesability; erosion and drought,low ermeability and
limited available  limited available available water, moderate  For oo ' |
- - - ) fertility, medium
water capacity, low water capacity, low  permeability, medium water cavacit
fertility fertility fertility apacity
6.1-7.3 6.7-7.3 6.1-6.5 56-7.3
6.3-20 6.3-20 0.63-2.0 0.63-2.0
0.08-0.12 0.08-0.12 0.18-0.22 0.18-0.22
95 - 100 95 - 100 90 - 100
85- 95 85- 95 80- 90 80- 90
20- 25 20- 25 55 - 65 55- 65
8 75 11 27
>5 >5 >5 >5

* "Seasonal high" in Colfax soil survey



Table 3. Stand characteristics, beetle captures in pheromone-baited funnel traps, Ips colonization densitiesin traps logs, and beetle-attacked trees in red pine stands near Anoka, MN

and Colfax, WI.
Stand characteristics Trap captures (per 4-trap array during June 2002) I.pini in Iogsd Attacked trees/ 1000
Region Site  Soil.ID Age.2002* Age.2002° Height(ft) Sitelndex® DBH(in) BasalArea |.pini l.grand l.perrot T.dubius P.cylind Ips/Predator Attacksdm2 2002 2001 2000
AnokaMN 1 1256 Ifs 49 52 63 61 10.1 107 624 346 33 430 452 11 211 7 60 0
AnokaMN 2 1256 Ifs 51 53 59 56 105 137 1096 206 3 221 95 4.1 2.88 3 10 7
AnokaMN 4 1258 fs 57 51 52 51 8.7 230 606 252 12 244 217 19 348 7 84 31
AnokaMN 5 158A fs 57 55 66 61 109 90 866 297 16 363 121 24 191 15 28 2
AnokaMN 6 158A fs 48 43 66 75 8.2 180 1657 331 34 1443 304 1.2 1.20 24 52 24
AnokaMN 8 158A fs 40 45 52 57 9.5 207 261 177 28 1123 143 04 245 0 10 0
AnokaMN 9 1258 fs 45 46 64 68 7.7 183 733 269 205 721 216 13 2.10 3 3 0
AnokaMN 10 Spfd 35 39 53 8.0 177 762 162 2 153 22 53 3.72 10 0 0
Mean 48 49 58 60 9.2 164 826 255 42 587 196 2.2 25 9 31 8
SE 1.0 0.7 12 1.0 0.2 6 51 9 8 59 17 0.2 0.1 4 2
Colfax.WI ChamN Pdb 39 39 72 89 10.6 183 62 156 56 65 34 28 1.44 0 0 0
Colfax.WI ChamW EmB 39 39 67 83 11.0 147 169 189 202 130 38 33 0.20 2 0 0
Colfax.WI  Dickin PfA 43 42 72 83 10.2 133 139 145 176 68 25 49 229 1 5 0
Colfax.WI  ScoreN PdB 42 41 68 80 10.1 160 69 86 8 45 10 30 0.30 0 0 0
Colfax.WI ScoreS  UnB 42 41 71 84 8.6 230 118 242 224 110 37 4.0 152 0 0 0
Mean 41 40 70 84 10.1 171 111 164 133 84 29 3.6 11 1 1 0
SE 0.4 0.3 0.5 0.6 0.2 8 9 11 19 7 2 0.2 0.2 0 0 0

2 Age based on planting records. Age.2002.b = age at 1 m (from cores) + 5. Siteindices calculated from Age.2002.b



Table4. Average captures per site (in 4 Lindgren funnel traps) of three species of 1 ps bark beetles and two species of bark beetle predators
during early summer 2002 in 8 red pine stands on Anoka Plains, MN and 5 red pine stands near Colfax, WI.

Playtsoma
~Mid-date I ps pini Ips grandicollis | ps perroti Thanasimus dubius cylindrica
of collection Anoka Colfax Anoka Colfax Anoka Colfax Anoka Colfax Anoka Colfax

27-May 23 136 101 11 4
3-Jun 675 20 229 15 37 20 313 23 98 6
13-Jun 60 10 11 6 4 7 120 14 36 6
20-Jun 91 58 15 6 1 5 155 36 62 13
29-Jun 441* 6 40 30 17

* Presumed to be the 2nd generation.

Table 5. Percent of captures by species and region in Lindgren funnel traps baited with either of three sets of pheromone lures, designed to match the
pheromone production of I. pini (ipsdienol + Lanierone), |. grandicollis (ipsenal), or I. perroti (ipsdienol + ipsenol). Bark beetle preferencesin both
regions matched expectations based on previous studies near Colfax and Itasca (Ayres et al. 1999, 2001). Both of the two most common predators
responded to all pheromone signals, but were most attracted to ipsdienol + ipsenol. This, plusthe generally high abundance of predators near Anoka,
might explain the relative rarity of I. perroti near Anoka (Table 4).

Playtsoma
Pheromone Ipspini Ips grandicollis | ps perroti Thanasimus dubius cylindrica
lure(s) Anoka Colfax Anoka Colfax Anoka Colfax Anoka Colfax Anoka Colfax
Ipsdienol + L* 95 96 3 0 4 2 35 29 34 38
| psenol 2 0 73 94 0 0 24 23 19 12
I psdien. + Ipsenal 3 4 23 6 95 98 411 48 47 50

* Lanierone, = pheromone synergist of ipsdienol for Ips pini
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Fig. 1. Theoretical model of an eruptive forest insect.
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exogenous forces permit the population to exceed an
unstable equilibrium or escape threshold (Nesape),
populations will tend to grow to a much higher
epidemic equilibrium (K ggenic). We tested whether
this model applies to the pine engraver beetle, Ips
pini, by testing some predictions derived from this
model (Fig. 2)

Theoretical escape

threshold (Negzp)

Attacks of healthy
trees

Colonization density
in logs

Abundance of adult beetles

(captures/ trap)

Fig. 2. Predictions derived from Fig. 1 for Ips pini.
Aslocal population abundance increases, the
colonization density in logs (ovipositing females/
dn) is predicted to increase (generating the initially
negative relationship in Fig. 1 between adult density
and per capita reproduction), until populations reach
athreshold where they begin to attack live trees, at
which point competition for food resourcesis
theoretically alleviated and colonization density is
predicted to decline.



The maps shown in Figures 3-6 are not reproduced here, but can be viewed online at:
http://www.dartmouth.edu/~mpayres/pubs/Anoka/

Fig. 3. Location of study sites on Anoka Plains, MN, and Colfax lobe Central Plainsin WI.

Fig. 4. Location of seven red pine stands studied within Sand Dunes State Forest, MN. Site 10 (not shown) was
11.3 miles due east of site 3.

Fig. 5. Location of climate stations (highlighted waypoints) used for analysis of precipitation patterns on Anoka
Plains, MN. Eight red pine study sites (1-10) are near center. Elk Weir and Rum Weir are USGS gaging stations
used for analysis of hydrologic discharge patterns

Fig. 6. Location of climate stations used for analysis of precipitation patterns near Colfax, WI. Five red pine study
sites are near center. Hay Weir and Red Weir are USGS gaging stations used for analysis of hydrologic discharge
patterns.
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Fig. 7. Annual precipitation on the Anoka Plains and Colfax Plains since 1932. There was only
minor variation among climate stations within the region (note small SEs and close tracking of data
from Santiago and Elk River with regional data). See Figs. 5-6 for location of climate stations.
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Fig. 8. Frequency distribution of annual
precipitation since 1932 near Anoka, MN
and Colfax, WI. Average precipitation was
5 cm/ year lower near Anokavs. Colfax
(6%), but interannual variance was similar.
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Fig. 9. Annual precipitation near Colfax, WI and
Anoka, MN are well correlated (same dataasin Figs.
7-8). In 50 of 69 years, annual precipitation was
greater near Colfax vs. Anoka. The average
difference was 5.9 cm/ year.
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Fig. 10. Annual minimum of weekly discharge rates from two gaged rivers draining the Anoka Plains.
Historical droughts at Sand Dunes State Forest (as reconstructed without reference to the discharge data)
are indicated with arrows labelled “Drought”. Based upon these data, we hypothesize that there was
another drought in 1959-60. The dotted lines indicate an empirical drought threshold cal culated as 30% of
the longterm average in median weekly discharge rates (Fig. 13): 113 and 53 ft*/ sfor Rum and Elk Rivers,
respectively. Note that the historic droughts are more evident in the discharge data than the precipitation
data (Fig. 7), and that the discharge data are available online in real-time through the USGS. See Fig. 14
for close-ups of weekly discharge rates during droughts.
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Fig. 11. Annual minimum of weekly discharge rates from two gaged rivers draining the Colfax Iobe of the
Central Plainsin Wisconsin (see mapsin Figs. 4 and 6). Unlike the Anoka Plains, river discharge rates near
Colfax rarely drop below a putative drought threshold of 30% of the long term average. Thisis consistent
with tree mortality from drought being common in Anoka and rare near Colfax. The lowest recorded
discharge rates in the Colfax area were in 1934 during the Dust Bowl. Low precipitation during 1988-89
(Fig. 7) produced a noticeable dip in discharge rates, but did not approach the 30% threshold, and did not
produce significant mortality in red pines. Based on these data, we hypothesize that low soil water in 1959
and 1964 had notable impacts on agricultural yields in the area.
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Fig. 12. Frequency distributions of annual minimain weekly discharge rates
in two rivers draining the Anoka Plains (left) and the Colfax region (right).
Note that there are relatively more years with low discharge in the Anoka
Plains.
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Fig. 13. Frequency distributions of weekly discharge ratesin two rivers
draining the Anoka Plains and Colfax region. Note markedly higher
variance in rivers draining the Anoka Plains. Values of 53, 113, 340, and

78 indicate putative drought thresholds defined as 30% of the average (same
asindicated in Figs. 10, 11, and 14).
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Fig. 14. Weekly discharge rates from the Anoka Plains before, during, and after droughts
(in 2000, 1988-89, 1976, and 1964) that were recognized based on tree mortaility, beetle
outbreaks, and peat fires. Note that a“drought threshold” defined as 30% of the long
term weekly discharge rates seems to provide an objective and reasonably accurate metric
for recognizing consequential droughts. This metric has particular value because
discharge data are available on-line, in real time, which could permit the recognition of
future droughts as they occur, before tree mortality, beetle outbreaks, and peat fires.
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Fig. 15. Soil moisture vs. depth on 23-24 August 2002in 8 red pine stands on four soil types near Anoka, MN.
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Fig. 16. Soil moisture vs. depth on 26-27 August 2002in 5 red pine stands on four soil types near Colfax, WI.
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Fig. 17. Treesattacked by Ips pini during summer 2002 as a function
of I. pini trap captures during early summer (upper) and . pini
colonization density in logs as a function of trap captures (lower). Best
fit function for upper: Y=-1.5+ 0.013- X (P = 0.0002). Best fit
function for lower: Y =0.79 + 4.63E-3 - X - 2.66E-6 - X* (P = 0.035 for
full model, P < 0.02 for both coefficients). Compare these empirical
data to theoretical predictionsin Fig. 2 for an eruptive population (Fig.
1).





