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An analysis of United States national forest inventory observations in the

Laurentian Mixed Forest reveals a marked increase in forest disturbance

between 1999 and 2015. The Laurentian Mixed Forest Province ecological

subregion spans the northern sections of Michigan, Minnesota, and Wisconsin

and includes forest area of between 16.7 and 17.5 million hectares depending

on the year. Forest disturbance ranges from a low of 0.13 million hectares

(0.8% of forest area) in 2000 to a high of 2.09 million hectares (11.9% of forest

area) in 2014. The year 2015 is notable for being the first year since 2000

where forest disturbance declines, albeit modestly (11.4% of forest area). The

marked increase is attributable to disturbances occurring continuously over

time between remeasurement. Disturbances with the highest annual averages

are insect damage to trees, disease damage to trees, and deer/ungulate at 291

thousand, 189 thousand, and 126 thousand hectares per year, respectively.

Disturbances occurring in a specific year, what we term discrete disturbances,

show no discernible trend during the period. The most extensive discrete

disturbances are wind in 1999, 2011, and 2012 at 108 thousand, 62 thousand,

and 61 thousand hectares, respectively. Standard estimates from national

forest inventory lack specificity as to the actual year of the disturbance.

The estimates reported here are actual annual estimates of disturbance that

apply estimation methods accounting for the retrospective nature of the

disturbance observation. The timing (year) and location (ecological section)

of the two most extensive wind events coincide with historical records.

KEYWORDS

insects, disease, wind, Great Lakes, ecological subregion, national forest inventory

Introduction

Forests are dynamic systems where trees become established, grow, and die.
Disturbance is a universal component of forests systems that alters stand composition
and structure. Disturbance can be either positive or negative depending on the changes
in stand composition and structure relative to desired conditions and planned outcomes.
Impacts of disturbance can range from subtle shifts in composition and structure to
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stand replacing events. When occurring at sufficient scale and
severity, disturbance can alter the forest of a region with
important ecological, economic, and social implications.

Broad-scale monitoring of forest disturbance in the
United States is primarily accomplished via the national forest
inventory (NFI) and remote sensing data sources (Masek et al.,
2013; Coulston et al., 2020). The spatial and temporal resolution
of remote sensing data can support detailed analyses into the
timing and extent of disturbance. For example, Masek et al.
(2013) used a geographic sample of Landsat time series to
produce annual forest disturbance rates for the conterminous
US for the period 1985–2005. Attributing disturbance to specific
agents is a developing area in remote sensing studies. For
example, Vogeler et al. (2020) utilized spectral, topographic and
land protection data to assign agent of change to disturbance.

An alternative source of broad-scale monitoring
information is the US NFI. A key feature of the US NFI
is the direct observation of tree and forest conditions at
sampled plots in the field. Tree mortality and damage are
tracked through repeated observations of plots (e.g., every
5 or 7 years in the east and 10 years in the west). Evidence
of recent disturbance (i.e., since last measurement) meeting
thresholds on size and impact are also recorded. The current
design of the US NFI has been in place for more than
20 years and an extensive time series of observations is now
available. However, the inventory design and the nature
of the observation of disturbance create challenges related
to the estimation of the timing and extent of disturbance
(Wilson et al., 2019; Coulston et al., 2020). The standard
estimation approach of the NFI is known to dampen trends in
estimates and obscure annual fluctuations when broad-scale
disturbance has occurred (Patterson and Reams, 2005; Edgar
et al., 2019). Alternative estimators that leverage the robust
design of the NFI are available (e.g., Van Deusen, 2002; Hou
et al., 2021), but are not known to have been widely adopted
presumably for reasons owing to complexity, data format,
or a desire to adhere to standard estimation approaches
for consistency.

The primary objective of this study is to estimate the
timing and extent of disturbance in the Laurentian Mixed
Forest (LMF), a region of 25.8 million hectares spanning
the northern sections of the Great Lakes states of Michigan,
Minnesota, and Wisconsin. The LMF, like the rest of the
northern United States, is confronting unprecedented forest
health challenges (Shifley and Moser, 2016). Forest and natural
resource managers in the region recognize the threat to
forest health and are increasingly focusing on silvicultural
practices that promote resistance and resilience (Windmuller-
Campione et al., 2020). An improved understanding of
forest disturbance will benefit forest and natural resources
professionals as they seek to manage the forest in a
manner that promotes forest health and ensures sustainability
of the resource.

FIGURE 1

Laurentian Mixed Forest Province (shaded) of the Great Lakes
states of Michigan, Minnesota, and Wisconsin (Source: Cleland
et al., 2007).

Materials and methods

Study area

The study area is the Laurentian Mixed Forest (LMF),
an ecological province spanning the northern sections of the
Great Lakes states of Michigan, Minnesota and Wisconsin
(Figure 1). Forests currently account for 17.4 million hectares,
which is approximately two-thirds of the province’s total of
25.8 million hectares (USDA Forest Service, 2022). Forests
in the LMF are a transition between boreal forest to the
north and broadleaf deciduous forests to the south. Past
glaciation resulted in a low-relief, hilly landscape. Moderately
long winters and warm summers typify the area with maritime
influence observed in areas adjacent to the Great Lakes (McNab
et al., 2007). Prevalent forest type groups include aspen-birch
(Populus-Betula; 26% of forest area), maple-beech-birch (Acer-
Fagus-Betula; 23%), spruce-fir (Picea-Abies; 19%), oak-hickory
(Quercus-Carya; 10%), and white-red-jack pine (Pinus strobus-
Pinus resinosa-Pinus banksiana; 10%). Forest area is nearly
evenly split between public (48%) and private (52%) ownerships.
Public forest area includes state (20%), federal (17%), and
county (11%) ownerships (USDA Forest Service, 2022).

Sampling and response design

The source of data for this study is the United States Forest
Service Forest Inventory and Analysis (FIA) program. FIA uses
a hexagonal sampling frame as described in Reams et al. (2005).
Sampling intensity varies depending on the state and time
period with an approximate range of one plot per 1,200 hectares
to one plot per 2,400 hectares. FIA employs a rotating panel
design where plots are divided into b panels. In Minnesota b = 5
and in Michigan and Wisconsin b = 5 or b = 7 depending on the
year. Panels are measured in sequence, one panel a year, with the
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process repeated such that plots are remeasured every b years
(Reams et al., 2005).

In FIA, a plot is a cluster of four subplots with each
subplot a circle 0.0168 hectares in size. One subplot occupies
the center of the plot and the other three subplots are placed
36.58 m from plot center at azimuths 0, 120, and 240 degrees.
Together the four subplots sample an area of 0.0672 hectares
(Bechtold and Scott, 2005). Plots are mapped by condition that
includes changes in land use or changes in vegetation. Detailed
information is collected on each of the forest conditions.

Domains

Domains of interest in this study include forestland,
ecological subregion, disturbance agent, and disturbance year.
Forestland is defined by FIA as an area having, or had, at

TABLE 1 Disturbance agents and descriptions.

Agent Description Field guide1

10 Insect damage 1.3

11 Insect damage to understory vegetation 2.0

12 Insect damage to trees, including seedlings and
saplings

2.0

20 Disease damage 1.3

21 Disease damage to understory vegetation 2.0

22 Disease damage to trees, including seedlings and
saplings

2.0

30 Fire damage (from crown and ground fire, either
prescribed or natural)

1.3

31 Ground fire damage 1.3

32 Crown fire damage 1.3

40 Animal damage 1.3

41 Beaver (includes flooding caused by beaver) 1.3

42 Porcupine 1.3

43 Deer/ungulate 1.4

46 Domestic animal/livestock (includes grazing) 1.3

50 Weather damage 1.3

51 Ice 1.3

52 Wind (includes hurricane, tornado) 1.3

53 Flooding (weather induced) 1.3

54 Drought 1.3

60 Vegetation (suppression, competition, vines) 1.5

70 Unknown/not sure/other 1.3

80 Human-induced damage 1.3

90 Geologic disturbances 4.0

91 Landslide 4.0

92 Avalanche track 4.0

93 Volcanic blast zone 4.0

94 Other geologic event 4.0

95 Earth movement/avalanches 2.0

1Earliest field guide that the agent is listed starting with field guide 1.3.

least 10 percent canopy cover of live trees, being at least 0.40
hectares in size, and at least 36.58 m wide (Burrill et al., 2018).
Definitions and boundaries for ecological subregions are based
on the USDA Forest Service National Hierarchical Framework
of Ecological Units (Cleland et al., 2007; McNab et al., 2007).
The subsection each plot resides is noted in the FIA database. In
the hierarchical system, subsections are aggregated into sections
and sections into provinces.

In the field, each forest condition is examined for evidence
of recent (since previous measurement) disturbance at least 0.40
hectares in size and affecting, either as mortality or damage,
at least 25% of the trees. Up to three different disturbances
may be recorded for a condition. When a disturbance is
observed, field crews are asked to estimate and record the year of
disturbance (Burrill et al., 2018). We divided disturbances into
discrete and continuous events depending on the disturbance
year value. Disturbances with a specific year (e.g., 2011) are
termed discrete disturbances in this analysis. Disturbances that
occurred continuously since the previous measurement (i.e.,
code 9999) are termed continuous disturbance.

Up to 28 different disturbance agents are currently
monitored on the plot network in the LMF (Table 1). Agents
group into categories insect, disease, fire, animal, weather,
vegetation, human, and geologic. Silvicultural activities such as
thinning and harvesting are not considered human disturbance
in this analysis. Bear and rabbit are listed in field guides;
however, they are optional and are not monitored in the LMF.
New disturbance agents were added over time in the early years
of the inventory. Of the 28 agents, 16 were present originally
(i.e., in field guide 1.3) and have been monitored throughout the
period (Tables 1, 2).

Combining panels

Population estimates are computed from the inventory
data using post-stratified estimation methods described
in Scott et al. (2005). The standard estimation procedure
in the FIA database is to combine all panels and apply
a single stratification to the combined panels. Strata are

TABLE 2 Additions to disturbance agents monitored over time.

Field
guide

INVYR1 Total
number of
disturbance
agents listed

Disturbance
agents
added

Disturbance
years

estimated

1.3 2000 16 1999–2015

1.4 2001 17 43 2000–2015

1.5 2002 18 60 2001–2015

2.0 2004 23 11,12,21,22,95 2003–2015

4.0 2008 28 90,91,92,93,94 2007–2015

1Inventory year that the field guide was first generally applied across the study area.
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defined from thematic maps such as National Land Cover
Data, either land cover classes or, as is more common
recently, tree canopy cover classes. Each panel is a
random sample of the population and the post-stratified
estimation methods can be applied to individual panels or
combinations of panels (Patterson and Reams, 2005; Edgar
et al., 2019).

The retrospective nature of the disturbance observation
means there are multiple disturbance observations for each
panel (Coulston et al., 2020). For example, in a 5-panel
inventory, the panel measured in 2009 would have been
previously measured in 2004. The observation in 2009 is
a retrospective observation of disturbance since 2004, and
the multiple observations include disturbance in 2005, 2006,
2007, 2008, and 2009. Table 3 illustrates the combining
of all panels (in a 5-panel inventory) assuming panel 1
was measured in 2009. In that example, it is the single
year 2009 that disturbance was observed by every panel.

Coulston et al. (2020) demonstrated through Monte Carlo
simulation that when all panels are combined, the post-
stratified estimation method produces an appropriate annual
estimate for the single year in common to all the panels.
Annual estimates for other years are underestimated, with
bias increasing the further the year being estimated is from
the common year.

Estimates of annual disturbance are computed for the
period 1999–2015. All the estimates are computed from
combinations of 4 panels of plot observations (e.g., annual
estimate 2009 computed from combinations of panels measured
in inventory years 2010–2013). We opted to combine 4 panels
rather than 5 panels to minimize possible bias resulting
from incomplete disturbance observations. Measurement of
a panel is an intensive process that requires upward of a
year or more to complete. Examination of plot measurement
dates suggested the potential for incomplete disturbance
observations if the panel of plots with inventory year equal

TABLE 3 Disturbance year observations in a 5-panel inventory example.

Disturbance year observed

Panel Inventory year 2005 2006 2007 2008 2009 2010 2011 2012 2013

1 2009 X X X X X

2 2010 X X X X X

3 2011 X X X X X

4 2012 X X X X X

5 2013 X X X X X

TABLE 4 Annual disturbance 1999–2015.

Year Disturbance No disturbance Total forest

Estimate (1000
hectares)

Sampling
error (%)

Estimate (1000
hectares)

Sampling
error (%)

Estimate (1000
hectares)

Sampling
error (%)

1999 210.5 7.77 16,467.4 0.37 16,677.8 0.35

2000 133.4 9.69 16,600.5 0.37 16,733.9 0.36

2001 134.2 9.85 16,597.9 0.38 16,732.1 0.37

2002 154.5 9.27 16,656.7 0.37 16,811.2 0.36

2003 240.7 7.72 16,790.2 0.35 17,030.9 0.33

2004 402.6 5.54 16,786.1 0.34 17,188.8 0.32

2005 568.9 4.95 16,725.7 0.39 17,294.6 0.35

2006 720.0 4.73 16,505.9 0.42 17,225.9 0.37

2007 929.9 4.74 16,297.9 0.48 17,227.8 0.40

2008 1,107.0 4.25 16,273.8 0.49 17,380.7 0.39

2009 1,272.5 3.97 16,122.1 0.50 17,394.7 0.40

2010 1,375.7 4.00 16,037.9 0.52 17,413.5 0.40

2011 1,718.0 3.67 15,584.9 0.57 17,303.0 0.42

2012 1,887.8 3.56 15,324.4 0.61 17,212.2 0.44

2013 1,960.8 3.59 15,400.3 0.63 17,361.2 0.45

2014 2,088.1 3.42 15,433.8 0.63 17,521.8 0.45

2015 1,999.1 3.51 15,518.8 0.62 17,517.9 0.44
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FIGURE 2

Annual estimates of disturbance 1999–2015.

to disturbance year were included. For example, a plot
visited and measured in June cannot note a disturbance that
occurred the following September. The FIA database uses the
standard estimation approach, which is to combine all the
panels, and thus adjustments to database fields are required
when less than the full set of panels are combined. We
used the stratifications in the FIA database and made the
necessary adjustments to sample sizes and for partially non-
sampled plot area. In a few instances, sample sizes in a
stratum were not sufficient for estimation and collapsing of
strata was required.

In the FIA database, states are divided into estimation
units, which are subpopulations. The estimation units
do not overlap and taken together account for the entire
area of the state. Estimation proceeds by estimation
unit. Estimation unit totals and variances are then
summed to provide state-level estimates. State-level totals
and variances are then summed to provide regional
estimates (e.g., LMF).

Estimators

For estimates of the areal extent of disturbance, the plot
observation is the proportion of the plot in the domain of
interest (Scott et al., 2005). The plot observation is computed
from:

Phid =

∑4
j
∑Khij

k amhijkδhijkd

ampmh

where,
Phid = proportion of plot i in the domain of interest d, for

plots assigned to stratum h, adjusted for stratum h plots that are
partially non-sampled;

amhijk = mapped area (hectares) of subplot j covering
condition k on plot i assigned to stratum h;

δhijkd = zero-one domain indicator function, which is 1 if
condition k on subplot j of plot i assigned to stratum h belongs
to the domain of interest d;
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Khij = the number of conditions that exist on subplot j of plot
i assigned to stratum h;

am = total area (hectares) of the four subplots;
pmh = mean proportion of stratum h plots that were

accessible (excluding fully non-sampled plots).
The stratum mean estimator is:

Phd =
∑nh

i Phid
nh

where,
nh = number of plots in stratum h.
The variance estimator is:

v
(
Phd

)
=

∑nh
i P2

hid − nhPhd
2

nh (nh − 1)

The estimate of total area in the domain of interest for the
estimation unit is:

Âd = AT

H∑
h

WhPhd

where,
AT = total area (hectares) in the estimation unit;
Wh = weight for stratum h.
The variance estimator is:

v
(
Âd

)
=

A2
T
n

[ H∑
h

Whnhv
(
Phd

)
+

H∑
h

(1−Wh)
nh
n
v
(
Phd

)]

where,
n = number of plots in the estimation unit.
The precision of an estimate is reported as a sampling error

percentage:

S.E.% = 100

√
v
(
Âd

)
Âd

To estimate a ratio (e.g., proportion of the forest that is
disturbed), the numerator, Âd, and denominator, Âd′ , of the
ratio are computed using the aforementioned formulas. The
ratio is:

R̂dd′ =
Âd

Âd′

TABLE 5 Annual disturbance (1000 hectares) by agent 1999–2015.

Agent 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

10 5.5 4.2 - 5.1 3.2 8.5 20.7 33.8 62.9 102.7 137.4 148.6 180.4 216.8 251.0 363.4 415.3

11 - 0.9 0.9 0.9 2.8 3.3 3.3 3.6 9.3 4.9 6.7 7.3 5.5

12 6.2 12.8 28.6 34.4 51.8 67.0 129.3 282.0 494.4 667.9 755.5 685.6 571.8

20 3.1 1.3 3.9 8.6 30.4 64.3 78.2 107.3 111.3 117.4 144.3 142.8 168.2 163.8 135.9 150.9 153.4

21 - - - - 3.8 3.9 4.3 4.5 - - - - 1.0

22 13.9 42.0 63.3 72.6 124.3 170.5 179.2 197.3 278.3 295.6 323.0 364.5 336.5

30 1.4 2.6 - - - 1.4 3.2 10.9 8.1 9.9 5.3 8.3 34.6 12.4 3.0 1.3 6.1

31 3.2 3.0 3.1 1.4 3.9 2.7 6.9 4.2 9.7 7.9 3.7 7.7 7.4 2.3 1.3 1.4 1.4

32 - - - - - - - - - - - 0.5 4.3 - - - -

40 1.0 1.6 2.6 2.6 4.0 26.0 29.4 28.1 27.0 20.7 28.3 21.8 13.5 23.5 20.2 19.2 21.7

41 19.1 16.2 25.3 26.1 30.7 27.6 41.6 66.1 65.1 83.1 102.2 93.9 102.5 110.1 114.1 133.9 152.2

42 1.7 1.1 - - 1.6 0.7 - 6.4 13.2 21.6 22.9 18.6 17.6 13.0 18.9 19.0 11.3

43 19.7 21.6 22.6 28.9 80.1 123.0 154.2 246.8 234.0 220.3 184.6 123.7 147.5 147.9 143.4 114.7

46 16.9 11.3 22.4 22.7 38.4 48.0 55.3 61.8 70.9 96.6 99.9 97.8 88.5 71.5 76.8 86.9 92.2

50 13.0 4.1 2.8 2.7 5.2 2.8 19.6 24.5 29.7 32.2 36.9 25.4 31.3 54.2 33.6 39.2 30.0

51 - - - - - - - - - - 25.3 - 2.1 - - 4.0 -

52 108.4 33.7 25.9 21.3 16.1 15.2 19.3 32.3 33.3 42.8 46.8 29.4 71.3 65.4 28.2 37.1 35.3

53 4.6 1.2 2.3 6.1 14.6 24.7 36.8 52.2 53.4 63.1 44.7 51.0 56.6 57.8 67.9 77.9 69.1

54 - - - - - 2.8 4.8 4.8 4.6 4.3 6.3 7.6 11.6 9.1 1.9 1.7 -

60 - - 2.4 - - 4.3 17.3 25.7 30.5 34.1 32.1 34.1 47.6 60.1 84.7

70 1.0 2.0 1.2 6.8 5.6 6.4 7.2 3.0 4.3 7.4 14.4 22.8 31.6 33.0 43.6 47.5 44.8

80 33.3 38.1 31.9 32.6 50.9 50.9 52.1 42.7 32.1 32.1 52.0 46.5 43.5 30.0 36.5 28.0 17.5

90 - - - - - - - - -

91 - - - - - - - - -

92 - - - - - - - - -

93 - - - - - - - - -

94 - - - - - - - - -

95 - - - - - - - - - - - - -

Sampling errors < 25% (black), 25–50% (blue), and >50% (red).
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FIGURE 3

Summaries of annual disturbance by agent.

The variance estimator is:

v
(
R̂dd′

)
=

1
Â2
d′

[
v
(
Âd

)
+ R̂2

dd′v
(
Âd′
)
− 2R̂dd′cov

(
Âd, Âd′

)]
The covariance in the above formula is estimated:

cov
(
Âd, Âd′

)
=

A2
T
n

[ H∑
h

Whnhcov
(
Phd, Phd′

)
+

H∑
h

(1−Wh)
nh
n
cov

(
Phd, Phd′

)]

where,

cov
(
Phd, Phd′

)
=

∑nh
i PhidPhid′ − nhPhd Phd′

nh (nh − 1)

Estimates using the above formulas were calculated in R
(R Core Team, 2021) using data downloaded from the FIA
DataMart1. Data for Michigan, Minnesota, and Wisconsin
were loaded by FIA to the DataMart on 8/30/21, 9/3/21, and
8/30/21, respectively.

1 https://apps.fs.usda.gov/fia/datamart/datamart.html

Results

Annual estimates show a marked increase in forest
disturbance between 1999 and 2015. At the beginning of
the observation period, 1999, disturbance is estimated at 210
thousand hectares or 1.3% of the total forest area (Table 4). At
the end of the observation period, 2015, disturbance is estimated
at 1,999 thousand hectares or 11.4% of the total forest area.
Annual increases occur year over year from 2000 to 2014. The
year 2015 is notable for being the first year since 2000 that
disturbance declined.

The overall increase in disturbance is attributable to
disturbances occurring continuously over time (Figure 2).
Discrete disturbances do not exhibit a trend, but rather appear to
fluctuate randomly. In the 3 years beginning with 1999, discrete
disturbances account for most of the disturbance. Continuous
disturbances begin to exceed discrete disturbances in 2002, a
trend that continues and expands as the period progresses.

Examination of the annual estimates of disturbance by agent
and year show 13 of the 28 agents have some estimate (i.e., non-
zero) every year (Table 5). An additional 9 disturbance agents
have some estimate, just not every year. The group of 6 geologic
disturbance agents (90–95) have estimates of 0 hectares every
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FIGURE 4

Annual disturbance by agent 1999–2015.

year. Precisions on annual estimates vary with representation
in each precision grouping (i.e., sampling errors < 25%, 25–
50%, and >50%). As expected, larger annual estimates tend to
the higher precision groupings. Estimates in the lowest precision
group (>50%) are not significantly different from 0 at the 95%
confidence level.

Summary statistics of the annual estimates for the 22
disturbance agents with non-zero observations are presented
in Figure 3. The range on the minimum annual estimates
was 0 (multiple agents) to 19.6 thousand hectares (deer-
ungulate). The range on maximum annual estimates was 4.3
thousand hectares (fire-crown) to 755.5 thousand hectares
(insect-trees). The range on average annual estimates was 0.3
thousand hectares (fire-crown) to 291.3 thousand hectares

(insect-trees). After insect-trees, disease-trees (189.3 thousand
hectares) and deer/ungulate (125.8 thousand hectares) have the
highest average annual estimates. Annual estimates for crown-
fire and ice are the most variable.

Trends in annual estimates for numerous individual
disturbance agents reflect the overall pattern (i.e., marked
increase). For example, annual estimates of insect-trees, disease-
trees, and beaver disturbance increase substantially during
the period (Figure 4). The increase in insect-trees estimates
is gradual at first, but jumps sharply from 2010 to 2013,
and then declines 2014–2015. Disease-trees estimates closely
mirror the overall trend: increases are consistent and steady
up to 2014 before declining modestly in 2015. Beaver
estimates increase steadily throughout the period except for the
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interspersion of a few scattered years of modest decline. Not
all agents mirror the overall trend. For example, deer/ungulate
estimates peak in 2007, then decline four consecutive years to
2011, and then remain relatively flat thereafter. Notable too
among many of the annual estimates is the preponderance
of continuous disturbance. Exceptions are fire of all types,
weather, ice, wind, and human, which are all predominantly
discrete disturbances. Estimates for these agents exhibit no
consistent trend.

In the hierarchical ecological classification system, provinces
are subdivided into sections reflecting differences in lithology
and soils (McNab et al., 2007). In the LMF there are 13 sections
that range in size between 500 thousand hectares (212Y) and
4,561 thousand hectares (212H) (Table 6). In 11 of the 13
sections, most of the area is forest. The most forested sections are
212S, 212J, 212R, 212L, which are located in the north-central
part of the province (Figure 5). The least forested sections are
212Z and 212Q, which are both located in the south-central part
of the province.

TABLE 6 Ecological sections of the Laurentian Mixed Forest.

Section Name Area
(1000

hectares)

Forest1
(1000

hectares)

Forest
(proportion)

212H Northern Lower
Peninsula

4,561.1 3,014.1 0.66

212J Southern Superior
Uplands

818.6 704.5 0.86

212K Western Superior
Uplands

2,104.9 1,177.8 0.56

212L Northern Superior
Uplands

2,510.2 2,017.5 0.80

212M Northern Minnesota
Drift and Ontario

2,133.3 1,366.8 0.64

212N Northern Minnesota
Drift and Lakes
Plains

3,380.2 2,049.5 0.61

212Q North Central
Wisconsin Uplands

1,502.8 609.8 0.41

212R Eastern Upper
Peninsula

1,590.6 1,282.2 0.81

212S Upper Peninsula 1,104.7 966.8 0.88

212T Northern Green Bay
Lobe

1,988.0 1,391.1 0.70

212X Northern Highlands 2,944.3 2,322.1 0.79

212Y Southwest Lake
Superior Clay Plain

499.7 373.8 0.75

212Z Green
Bay-Manitowac
Upland

705.7 131.7 0.19

Total Laurentian Mixed
Forest Province

25,843.9 17,407.7 0.67

1Forest area varies by year. Estimates here are for 2019.

Annual estimates of disturbance by section are provided
in Table 7. In 10 of the 13 sections, disturbance estimates are
non-zero every year. Sections 212J, 212S, and 212Z do have
at least one year with estimate of 0 and all three sections are
on the smaller side in terms of total area. Section 212Z is
notable for having smaller forest area, 132 thousand hectares
as of 2019. That sections 212J and 212S have a single year
where no disturbance was observed is a reminder that the
inventory is a sample rather than a census and the realization of
a single random sample may provide results that differ from the
true (unknown) population value. There are estimates having
sampling errors > 50% and thus are not statistically significantly
different from 0. This occurs in 7 of the sections and only
prior to 2005. Estimates for 2005 and beyond are more precise,
with sampling errors < 25% on many of the annual estimates.
Annual estimates of disturbance in sections 212Y and 212Z
never achieve a sampling error of <25%. These two sections are
the smallest sections in both total area and forest area.

To facilitate comparison of areas with vastly different total
forest area, the annual estimates of disturbance in Table 7
were divided by annual estimates of total forest area (e.g., ratio
estimate). These ratios, expressed as percentages, were then
summarized to minimum, maximum, average, and variation
(Figure 6). The range on minimum annual percentages was
0.0 and 2.0%. The range on maximum annual percentages
was 4.7–26.9%. Sections 212H and 212R stand apart from the
other sections for having considerably higher maximum annual
averages. The range on average annual percentages is 2.5%
(212X) and 13.0% (212R). Sections 212R (13.0%) and 212H
(10.5%) stand out again with average annual percentages well
above estimates for other sections, a not too surprising finding
given the mean is heavily influenced by outlying observations.
The range on variation is 46% (212Q) to 97% (212H).

Trends in annual estimates for approximately 7 of the 13
sections reflect the overall pattern (i.e., marked increase). For
example, annual estimates for section 212H increase every year
from 1999 to 2013 before declining in 2014–2015 (Figure 7).
Other sections exhibiting the overall pattern include 212K, 212L,
212M, 212N, 212S, and 212X. Both sections 212K and 212L
have a single year (i.e., 2011 and 1999, respectively) where the
annual estimate rises well above the estimates of the nearest
years. The remaining 6 sections tend to exhibit an increase in
annual estimates in the first part of the period followed by a
settling of estimates either for the remainder of the period (212J,
212Q, 212R, 212Z), or a settling followed by an increase (212T),
or a settling followed by a decline (212Y) in the last years of the
period. Notable too among many of the annual estimates is the
preponderance of continuous disturbance.

Wind accounted for the three largest annual discrete
disturbance events (Table 8). An estimated 108.4 thousand
hectares experience wind disturbance in 1999, 62.4 thousand
hectares in 2011, and 60.7 thousand hectares in 2012.
Estimates by section show that a single section in northeastern
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FIGURE 5

Ecological sections composing the Laurentian Mixed Forest (Source: Cleland et al., 2007).

TABLE 7 Annual disturbance (1000 hectares) by section 1999–2015.

Section 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

212H 4.9 18.4 21.7 29.1 50.4 56.6 86.1 128.3 230.1 286.1 346.4 456.5 614.2 738.7 821.2 794.8 714.6

212J 1.4 - 1.2 4.7 6.2 18.7 24.4 28.5 42.3 44.8 37.9 44.2 40.3 34.3 39.6 40.1 40.8

212K 10.7 6.8 17.3 17.5 24.9 31.6 33.7 37.9 32.3 53.3 61.7 66.6 109.1 71.3 72.0 69.0 88.2

212L 109.4 28.0 26.6 29.0 26.1 26.1 36.4 83.0 99.6 101.8 150.4 112.6 154.6 171.8 179.6 201.8 202.7

212M 2.6 11.2 8.5 5.2 15.3 19.0 31.1 35.6 36.7 49.3 40.0 66.8 78.4 114.6 130.2 153.8 167.4

212N 34.5 26.3 19.2 12.8 25.7 18.5 34.6 56.7 67.8 78.9 93.6 100.5 97.6 134.7 144.5 167.6 169.7

212Q 12.7 11.5 15.0 10.7 12.1 16.2 16.8 20.1 22.0 33.5 37.9 40.2 44.5 38.7 40.8 44.3 47.9

212R 2.0 3.4 2.4 6.6 31.0 125.1 168.9 195.4 221.7 250.5 271.1 232.8 296.2 275.2 246.9 287.8 241.2

212S 5.3 3.0 - 2.6 0.4 17.2 29.4 21.3 32.1 26.1 35.6 46.5 46.5 61.1 55.0 55.7 54.8

212T 3.2 4.6 4.2 7.7 15.1 30.3 34.0 46.4 74.4 95.3 99.9 94.0 98.0 106.5 99.3 142.0 133.9

212X 19.7 18.7 15.2 28.2 30.6 33.7 51.2 44.3 41.8 57.4 62.4 72.9 92.4 96.8 103.8 107.2 108.3

212Y 4.0 1.4 2.9 0.4 3.0 6.3 12.8 14.4 19.9 21.4 25.3 25.7 28.8 28.6 16.0 15.4 16.7

212Z - - - - - 3.4 9.6 8.2 9.3 8.6 10.3 16.5 17.2 15.5 11.8 8.7 12.9

Sampling errors < 25% (black), 25–50% (blue), and >50% (red).

Minnesota accounts for most of the disturbance in 1999.
A single section in northwestern Wisconsin and east central
Minnesota accounts for most of the disturbance in 2011.
Four sections in northern Minnesota account for most of the
disturbance in 2012.

Discussion

The objective of this study was to estimate the timing
and extent of forest disturbance across the Laurentian
Mixed Forest. Using the national forest inventory data
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FIGURE 6

Summaries of annual disturbance by ecological section.

for Michigan, Minnesota, and Wisconsin, we were able
to produce estimates of annual disturbance for the period
1999–2015. Estimates show a marked increase in annual
disturbance occurring over the period. Starting from a low
of 0.8% of forest area in 2000, annual disturbance estimates
increased year after year until reaching a high of 11.9%
of forest area in 2014. This marked increased in annual
disturbance is attributable to disturbances noted for occurring
continuously over time (i.e., spanning the remeasurement
period). Discrete disturbances (i.e., specific disturbance year
noted) occur every year and initially account for most of
the disturbance but by the end of the period are a minor
component. The overall trend of marked increase in annual
estimates is observed for multiple disturbance agents and
ecological sections. The trend is observed in approximately
9 of the 28 disturbances monitored. These agents include

insect, insect-understory, insect-trees, disease, disease-trees,
beaver, flooding, vegetation, and unknown. The trend is
also observed for approximately 7 of the 13 sections that
collectively account for nearly three-quarters of the current total
forest area. These sections include 212H, 212K, 212L, 212M,
212N, 212S, and 212X.

As field procedures are updated new disturbance agents are
added and new additions could be a cause of increases in annual
disturbance. The FIA database includes the field guide version in
use at the time of measurement. We reviewed the field guides in
use throughout the period and reconstructed what codes were
added and when. Our estimates were constructed using plot
observations from inventory years 2000–2019, which provided
the retrospective observation of disturbances for years 1999–
2015. At the start in 2000, 16 different agents were monitored.
At the end in 2019, 28 different agents were monitored, an
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FIGURE 7

Annual disturbance by ecological section 1999–2015.

TABLE 8 Annual disturbance estimates for the top three discrete disturbance events.

Wind 1999 Wind 2011 Wind 2012

Section Estimate (1000
hectares)

Sampling error
(%)

Estimate (1000
hectares)

Sampling error
(%)

Estimate (1000
hectares)

Sampling error
(%)

212H − − − − − −

212J 0.3 98.5 − − − −

212K − − 41.9 18.7 10.8 35.1

212L 90.4 12.4 3.5 81.0 11.4 43.9

212M 1.4 99.3 3.0 71.6 13.0 33.6

212N 3.6 60.6 3.3 62.9 18.9 25.7

212Q − − 1.9 99.6 1.5 100.9

212R − − − − − −

212S 2.0 71.3 − − 3.8 101.2

212T − − 1.9 99.6 − −

212X 10.6 34.1 7.0 46.2 1.2 87.9

212Y − − − − − −

212Z − − − − − −

Total 108.4 11.2 62.4 15.6 60.7 16.5
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increase in 12 agents. One-half of the agents added were in
the geologic group, of which no occurrence on plots was noted
in any of the years analyzed. There were occurrences on plots
for the other six agents. Each agent was added by inventory
year 2004, which means they were monitored throughout
most of the period studied and therefore we conclude the
addition of agents is not a significant factor in the increased
disturbance observed.

Multiple studies and reports have documented significant
forest health threats in the region. The non-native invasive
emerald ash borer is devastating ash forests in the region
(Pugh et al., 2011; Morin et al., 2017; Ward et al., 2021).
Unprecedented outbreaks of native eastern larch beetle are
occurring (Crocker et al., 2016; McKee et al., 2022). Deer
browsing is causing significant issues with regeneration (Russell
et al., 2017; Patton et al., 2018). Other insects and diseases
are damaging and killing trees in the region in numbers
sufficient to be considered a significant forest health threat
(Karel and Man, 2017). In an assessment of the disturbances
recorded in the NFI data, Wilson et al. (2019) reported
an increase in forest disturbance across Minnesota from
4.4 to 12.7% between what they termed focal years 2001–
2014.

In accounting for the retrospective nature of the observation
of disturbance (Coulston et al., 2020), we believe estimates
reported here are the most appropriate annual estimates of
disturbance computed with US NFI data for the region.
We were curious how the annual estimates compare to
disturbance events of known timing, severity, and duration.
Review of all the annual estimates disturbances in our data
returned wind in 1999 as having the largest annual estimate
among discrete disturbances. Examination by section showed
that section 212L accounted for most of the estimate. An
approximate 95% confidence interval on the annual estimate
of wind disturbance in section 212L for 1999 is 68 thousand
to 112 thousand hectares. The timing and location match
well a major windstorm event that occurred in northeastern
Minnesota on July 4, 1999. The “Boundary Waters-Canadian
Derecho” lasted more than 22 h and traveled more than
1,300 miles. Hundreds of thousands of hectares were impacted
with varying degrees of damage that included sizable areas
of forest blowdown (Moser et al., 2007; Nelson et al., 2009).
The second highest annual estimate of discrete disturbance was
wind in 2011. Our estimates place most of the disturbance
(41.9 thousand hectares, 18.7% sampling error) in section
212K, which coincides well with a large windstorm noted by
the Wisconsin Department of Natural Resources as causing
extensive forest blowdown (personal communication, Brian
Anderson, Wisconsin DNR, 10/7/21).

This is the first study of disturbance with US NFI data
that we are aware of that makes a distinction between
discrete and continuous disturbances in the estimation. We
think that in terms of impacts (i.e., damage or mortality),

distinguishing between the two disturbance durations is
important. The definition of disturbance used by FIA
implies 25% or more of trees on a condition are affected.
When a discrete disturbance occurs, it affects a single
annual estimate and it is presumed that 25% or more
of trees are affected that year in the estimated area of
disturbance. When a continuous disturbance occurs, it
impacts multiple annual estimates. The 25% or more of trees
are assumed affected over the length of the retrospective
observation (i.e., b, number of panels), rather than per
year. In other words, an annual estimate of 100,000
hectares of discrete disturbance implies substantially
greater impacts in the specified year than 100,000 hectares
of continuous disturbance. It is therefore important to
distinguish between discrete and continuous disturbances
when considering these annual disturbance estimates and
potential impacts.

Forests provide ecological, economic, and social services
that are vitally important. Every year forest landowners across
the LMF make significant investments in monitoring and
managing the region’s extensive forests. Forest health is a
significant concern of many in the region and the results
from this study suggest the concern is warranted. Forest and
natural resource managers are adapting silvicultural practices
to promote resistance and resilience (Windmuller-Campione
et al., 2020). Annual estimates of disturbance across all
ownerships provide managers with important insights into
forest health beyond what they know from their own agency
or corporate inventories. In understanding the timing and
extent of disturbance, managers can plan accordingly and
take actions to promote forest health. Climate change is also
major concern with the potential to amplify the impacts
of disturbance agents (Allen et al., 2010; Seidl et al., 2017;
McKee et al., 2022). The need for accurate estimates on the
timing and extent of forest disturbance is only expected to
increase in the future.
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