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Structural complexity and
primary production resistance
are coupled in a temperate
forest

Kerstin M. Niedermaier'*, Jeff W. Atkins'?, Maxim S. Grigrit,
Ben Bond-Lamberty® and Christopher M. Gough?

!Department of Biology, Virginia Commonwealth University, Richmond, VA, United States,

2United States Department of Agriculture Forest Service, Southern Research Station, New Ellenton,
SC, United States, *Pacific Northwest National Laboratory, Joint Global Change Research Institute,
College Park, MD, United States

The capacity of forests to resist structural change and retain material
legacies—the biotic and abiotic resources that persist through disturbance—is
crucial to sustaining ecosystem function after disturbance. However, the role
of forest structure as both a material legacy and feature supporting carbon
(C) cycling stability following disturbance has not been widely investigated.
We used a large-scale disturbance manipulation to ask whether legacies of
lidar-derived canopy structures drive 3-year primary production responses to
disturbance. As part of the Forest Resilience Threshold Experiment (FORTE)
in northern Michigan, USA we simulated phloem-disrupting disturbances
producing a range of severities and affecting canopy trees of different sizes.
We quantified the legacies of forest structure using two approaches: one
measuring the change in structure and primary production from pre-to
post-disturbance and the second estimating resistance as log transformed
ratios of control and treatment values. We found that total aboveground wood
net primary production (ANPPy,) was similar across disturbance severities as
legacy trees rapidly increased rates of primary production. Experiment-wide,
the disturbance had limited effects on change in mean structural complexity
values; however, high variance underscored large differences in the magnitude
and direction of complexity’s response at the plot-scale. Plot-scale structural
complexity, but not vegetation area index (VAI), resistance strongly predicted
ANPPyy, resistance while temporal VAl and structural complexity changes did
not. We conclude that the presence of material legacies in the form of
forest structure may affect primary production stability following disturbance
and that how legacies are quantified may affect the interpretation of
disturbance response.

KEYWORDS

disturbance, material legacy, ecosystem stability, resistance, net primary production,
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Introduction

Forests of the upper Great Lakes region have been strong
carbon (C) sinks for over a century (Pan et al, 2011), but
partial disturbances from pests, pathogens, and extreme weather
threaten to diminish their capacity to sequester C (Running,
2008; Hicke et al., 2012; Seidl et al., 2014a). These partial
disturbances are increasing in spatial extent in the region
(Cohen et al., 2016), restructuring forests in ways that differ
from historical stand-replacing disturbances. Unlike severe
disturbance, partial or moderate severity disturbances may cause
patchy, species-specific tree mortality or eliminate entire plant
functional groups and, consequently, dramatically reshape forest
structure while producing gradients of disturbance severity
across forest landscapes (Atkins et al., 2020). Yet, the degree
to which these resulting changes in forest structure correspond
with C cycling responses to partial disturbance, including net
primary production (NPP), is unclear (Fahey et al., 2016; Gough
et al,, 2020; Grigri et al., 2020).

Conceptual and analytical frameworks for interpreting
how disturbance affects forest structure and function include
two complementary ecological constructs, that of “material
legacies” (sensu Johnstone et al., 2016) and “ecosystem stability”
(sensu Hillebrand et al., 2018). The term “material legacy”
represents the ecological memory of an environment and
encompasses biotic and abiotic resources that are retained
through disturbance and may support compositional and
functional recovery (Franklin et al., 2000; Royo et al., 2010;
Johnstone et al, 2016). Studies of material legacies have
emphasized surviving tree species’ abundances and vegetation
spatial arrangement (Turner et al., 1998; Seidl et al., 2014b;
Meigs and Keeton, 2018; Engelken et al., 2020); coarse downed
and standing woody debris (Meigs and Keeton, 2018; Taboada
et al., 2018; Engelken et al., 2020); and soil seed bank and seed
persistence (Turner et al., 1998; Johnstone et al., 2016; Harris
et al,, 2021). These material legacies are sometimes calculated
as the change in mass or abundance of a resource following
disturbance, with some disturbances reducing (e.g., number of
live stems) and others increasing (e.g., downed woody debris)
resources in response to disturbance (Taboada et al, 2018).
Concurrently, a complementary ecosystem stability literature
provides guidance on defining and characterizing structural
and functional responses to disturbance (Mathes et al., 2021).
Among the metrics of ecosystem stability, “resistance” describes
the direction and magnitude of structural and functional
changes that immediately follow disturbance and is calculated
as the log ratio of pre-post or control-treatment responses to
disturbance (Hillebrand et al., 2018; Radchuk et al., 2019). Here,
resistance is a relative measure and, consequently, normalizes
for site differences that influence the absolute magnitude of
structural or functional change and may otherwise obscure
disturbance response patterns (Mathes et al., 2021). Thus, these
conceptual and analytical frameworks provide complementary
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but not redundant approaches to quantifying and interpreting
material legacies and their response to disturbance and may yield
different results.

Applying these complementary ecological frameworks, we
used a large-scale disturbance manipulation to ask: do the
material legacies of canopy structure mediate 3-year above
ground wood net primary production (ANPPy) responses
to disturbance? Our analysis is part of the Forest Resilience
Threshold Experiment (FoRTE), which used stem-girdling to
attain 0, 45, 65, and 85% gross defoliation (i.e., disturbance
severity) levels and two disturbance types, one targeting large
canopy trees and one targeting smaller canopy trees (Figure 2).
We focused on two canopy structural measures that are strongly
coupled with ANPPy, at our site and elsewhere: vegetation area
index (VAI) and canopy rugosity (Hardiman et al., 2011; Fotis
et al, 2018; Gough et al.,, 2019). VAT is a single, dimensionless
value that expresses the number of wood and leaf layers per unit
of ground area, while canopy rugosity is an integrative measure
of structural complexity summarizing the horizontal and vertical
variability in canopy-interior vegetation distribution (Hardiman
et al., 2011). We focus on these biomass-dependent canopy
structural measures because they are: sensitive to disturbance
(Atkins et al., 2020), correlated with primary production (Gough
et al, 2019), and meet the definition of “material legacies”
(sensu Johnstone et al., 2016) but have not been studied in this
context. Our specific objectives were to evaluate: (1) the separate
contributions of the subcanopy and upper canopy to ANPPy,
after disturbance; (2) how VAI and canopy rugosity respond
to different disturbance severities and treatment types, and (3)
whether canopy structural and ANPPy, changes and resistances
are related. We hypothesized that there would be a significant
rise in subcanopy ANPPy; and a corresponding decline in upper
canopy ANPPy; as girdled-tree growth slowed and eventually
ceased and subcanopy vegetation exhibited competitive release
(Stuart-Haéntjens et al., 2015). We further hypothesized that
VAI would be more sensitive to disturbance than canopy
rugosity because vegetation area measures almost universally
decline following tree mortality, while structural complexity
displays more variable responses to disturbance (Fahey et al,
2016; Meigs and Keeton, 2018; Haber et al., 2020; Gough and
Tallant, 2022). Finally, we hypothesized that ANPPy’s response
to disturbance would be more strongly coupled with canopy
rugosity rather than VAI change or resistance because of primary
production’s relatively stronger tie to structural complexity
(Hardiman et al., 2013; Gough et al., 2020).

Methods
Study site

Our study is part of the Forest Resilience Threshold
Experiment (FORTE) at the University of Michigan Biological
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Station (UMBS) in the northern lower peninsula of Michigan,
USA (45.56°N, 84.68°W). Mean annual temperature was
7.2°C and mean annual precipitation is 75.4cm in 2021
(NOAA, 2022), “Climate at a Glance”). The forests at our
site are primarily 100-year-old secondary forests positioned
on a gently sloping glacial outwash landscape. The upper
canopy is composed of naturally declining early successional
species: bigtooth and trembling aspen (Populus grandidentata
and P. tremuloides) and paper birch (Betula papyrifera).
Ascendent later successional species include red oak (Quercus
rubra), eastern white pine (Pinus strobus), sugar maple (Acer
saccharum), red maple (Acer rubrum), and American beech
(Fagus grandifolia). The subcanopy is primarily composed of
red maple, red oak, American beech, sugar maple, eastern white
pine, serviceberry (Amelenchior spp.), red pine (Pinus resinosa),
striped maple (Acer pennsylvanicum), and balsam fir (Abies
balsamea). Throughout, we categorize forest strata as upper
canopy > 8 cm diameter at breast height (DBH) and subcanopy
1- 8 cm DBH. Prior to the initiation of experimental treatment,
the upper canopy leaf area in each subplot was estimated using
the site or region-specific equations relating DBH to leaf area.

FoRTE is a replicated manipulation of disturbance severity
and source. To simulate a phloem-disrupting disturbance, we
stem-girdled ~3,600 canopy trees experiment-wide on May
2019. Stem-girdled trees were scored at 1m height with a
chainsaw and a 10 cm-wide strip of bark removed with a pry
bar. Trees were girdled irrespective of tree species to simulate
indiscriminate disturbances from generalist insect defoliators
and phloem feeders.

Treatment replicates were nested within four distinct “land
ecosystem types” that have been categorized by the unique soil,
biota, landform, and climate (Pearsall et al., 1995), and are
broadly representative of dominant ecosystems in the region
(Nave et al., 2019; Figure 1A). While each of the land ecosystem
types shares disturbance histories and overlapping tree species,
the community composition, soils, structural complexity, and
net primary production in each replicate differ (Hardiman
et al,, 2011; Scheuermann et al., 2018), allowing for inference
beyond a single forest type. Each treatment replicate contained
four 0.5-ha whole-plots, which were randomly assigned a
disturbance severity of 0, 45, 65, or 85% gross defoliation based
on previously established allometries relating stem diameter to
leaf area index. Whole-plots were then bisected from north
to south into two split-plots, which were designated either
a top-down or bottom-up treatment type. We stem girdled
the largest diameter trees first in the top-down treatment and
the smallest first in the bottom-up treatment until disturbance
severity (gross defoliation) targets were met (Figure 2); thus,
the disturbance severity treatments also yielded variable stem
diameter distributions and densities, approximating a range of
structural changes associated with phloem-disrupting insects
(Gough et al, 2020). Tree mortality from stem girdling
generally occurred within 3 years, following the decline of root
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FIGURE 1

Map of Forest Threshold Resilience Experiment (FORTE)
replicates (A) and split-plot design (B). Replicates, which are
used as experimental blocks, represent four different land
ecosystem types and are designated by color with
non-experimental land left white. Within each replicate, there
are four randomly assigned disturbance severities representing
0, 45, 65, and 85% gross defoliation, which are designated by
color (A). Each plot is likewise bisected into two subplots, with
each half randomly assigned either top-down or bottom-up
disturbance type (B). The subplot is used as the experimental
unit throughout the experiment.

non-structural carbohydrates and functioning (Gough et al,
2010). Within split-plots, 0.1 ha circular subplots with a 5m
treatment buffer around its perimeter were established and used
as the experimental unit throughout. In total, there were 32
subplots nested within 4 replicates (Figure 1A).

Aboveground wood net primary
production

Subcanopy, upper canopy, and total aboveground wood net
primary production (ANPPyy) were calculated using protocols
detailed by Grigri et al. (2020) and Atkins et al. (2021). Our
approach used repeated measurements of DBH to infer the
woody biomass increment from 1 year to the next. In the
spring of 2018, all upper canopy and subcanopy trees were
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FIGURE 2

A representation of the two treatment types used in each subplot. In the top-down treatment type, the largest upper canopy trees (>8cm) were
girdled until the designated disturbance severity target (either 0, 45, 65, or 85% gross defoliation) was reached (A). In the bottom-up treatment
type, the smallest upper canopy trees (>8 cm) were girdled until the designated disturbance severity target was reached (B). The bottom half of
the figure illustrates the predicted remnant forest structure 3 years after disturbance initiation.

censused and identified to the species level. Dendrometer bands
were installed at 1.3m height on ~25% of all (girdled and
non-girdled) upper canopy trees (n = 666) in the summer of
2018. Dendrometer bands were fitted atop a thin, mechanically
shaved band of outer bark to ensure an even and snug
fit. The bands are made of 1.27 cm-wide steel tape with
a 5.08cm stainless steel spring and stickers indicating the
change in circumference of each tree. Each year, dendrometer
bands were read at least once in summer and the following
autumn, when stem growth has paused for the dormant season
(Gough et al., 2009).

Daily species-specific relative growth rates (RGR, cm
day™!) were estimated for each subplot (Grigri et al,
2020). When there was no relationship between RGR and
DBH (p > 0.05), a mean subplot and species-specific RGR
value were applied to un-banded trees to estimate their
annual DBH increment. When subplot-level RGR varied
by DBH (p < 0.05), RGR of the unbanded trees was
modeled using regression equations that adjust for the effect
of diameter.

Once the annual DBH increment was estimated separately
for all banded and unbanded upper canopy trees, site-
specific allometries were used to calculate aboveground
wood biomass (kg) (Cooper, 1981; Gough et al, 2008).
Annual aboveground wood biomass increments of the

Frontiersin Forests and Global Change

04

upper canopy were then used to estimate ANPPy (kg
C ha~lyear™!) by scaling the sum of woody biomass
growth per subplot to the hectare and multiplying by 0.48,
the site-specific C fraction, to convert biomass to C mass
(Gough et al., 2008).

In the subcanopy, annual DBH measurements were used
to measure diameter growth. Species-level censuses were
conducted in 2019 in one quarter of each subplot (0.025 ha)
to estimate the stem density of the subcanopy and four 2 x
2m vegetation sampling areas were established in each subplot
(Figure 1B). Within vegetation sampling areas, two individuals
were tagged for repeated DBH measurements. In instances
where there were fewer than two subcanopy class trees within
a vegetation sampling area, the subcanopy tree nearest to
the center of the vegetation sampling area was selected and
measured instead. Repeated DBH measurements of the tagged
subcanopy trees in the summer and autumn of each year were
used to calculate the annual increment of growth. Subcanopy
woody biomass was calculated using annual growth increment
and site-specific allometries, accounting for subcanopy stem
density in each subplot.

Total subplot ANPP,,; was calculated as the sum of upper
canopy and subcanopy ANPPy, with uncertainty calculated as
the standard error of mean annual ANPPy;, among subplots
(Gough et al., 2008).
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Forest structure

We focused our analysis on canopy structural metrics
derived from Light Detection and Ranging (lidar) technology
that is tied to net primary production at our site and others
(Gough et al,, 2019). A portable canopy lidar (PCL) was used
in the summers of 2018-2021 to map horizontal and vertical
vegetation arrangements in each subplot. The PCL consists
of a metal frame that is worn at 1m above ground level,
mounted with a laser with a maximum pulse frequency of
2,000 Hz (Riegl LD90 3100 VHS; Riegl USA, Inc., Orlando,
Florida). Measurements were taken in each subplot in two
perpendicular 40 m transects one running north-south and one
running east-west. Structural metrics were derived from the two-
dimensional hit-grids using forestr in R (Atkins et al., 2018).
For full mathematical derivations of structural metrics, we refer
readers to Atkins et al. (2018). Briefly, VAI is a vegetation cover
metric, summarizing the number of leaf and wood layers per unit
of ground area. Canopy rugosity is a multi-dimensional canopy
structural complexity measure, mathematically defined as the
product of horizontal and vertical vegetation density variances
(Hardiman et al., 2011). Canopy rugosity’s spatially integrative
properties are strongly tied to growth-limiting resource-use
efficiency and acquisition, and production (Gough et al., 2020).

Structural and primary production
resistance and changes

We used two separate approaches to calculate shifts in
ANPPy, and canopy structure following disturbance. The first
calculated subplot changes (8) over time (before and after
disturbance) in canopy structure and ANPPy by subtracting
mean subplot values in 2018 or 2019 (ANPPy; only) from
those of 2021, following a conventional change-based approach
to quantify material legacies (Taboada et al., 2018). A second
approach utilized a stability framework (sensu Mathes et al.,
2021), estimating resistance as the log response ratio of
control vs. treatment VAI, canopy rugosity, or ANPPy,. Positive
resistance and 8 values signal a net increase in canopy
structural material legacies or ANPP,, following disturbance,
while negative values signal their net decline. We employ both
approaches because a standardized convention for estimating
how material legacies respond to disturbance is lacking, and
each approach has inherent strengths and limitations. For
example, change-based approaches do not require control,
but they are influenced by factors other than disturbance,
such as inter-annual climate and site variation. More recently
introduced stability measures, including resistance, provide
relative, normalized expressions of disturbance response akin to
effect size and may reveal patterns that are otherwise obscured
by additional sources of variability (Hillebrand et al., 2018);
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however, such stability measures may not be desirable when
absolute responses are of interest.

Statistical analysis

For categorical comparisons of mean ANPP;, by disturbance
severity, year, and canopy strata, we used a time-series split plot
analysis of variance (ANOVA). ANPPy, was log transformed
to meet the assumption of normality across all canopy strata.
Levene’s test was used to test for homogeneity of variance;
assumptions of equal variance were met in the upper canopy, but
not in the subcanopy, where variance increased with increasing
disturbance severity. Pairwise comparisons of ANPPy, were
conducted using Fisher’s least significant difference across
time and disturbance severity. We used two-way ANOVA to
compare mean changes and resistances of VAI and canopy
rugosity by disturbance treatment. Assumptions of normality
and equal variance were checked using a Shapiro-Wilkes
test and Levenes test, respectively. We used simple linear
regression to evaluate whether total ANPP,, change and
resistance correlate with canopy rugosity and VAI change and
resistance, respectively. An analysis of covariance (ANCOVA)
was performed to test for interactions between disturbance
severity and (top-down/bottom-up) type. Assumptions of
normality and homogeneity were conducted using visual
inspection of plots of residuals. A significance level of 0.05 was
applied for all analyses. All statistical analyses were conducted
using R software (v4.0.2) using agricolae (v1.3-3, de Mendiburu,
2020) package.

Results

Aboveground wood net primary
production

Compensatory growth fully sustained ANPP, after
disturbance, even at the highest severity level. Mean upper
canopy ANPP;, did not differ among disturbance severities or
treatment types (p > 0.05, Figure 3A; Supplementary Table S1),
comprising 95 and 82% of total ANPPy in 2019 and 2021,
respectively. In contrast, subcanopy ANPPy, increased
with severity,
proportion over time to total ANPPw (p < 0.05, Figure 3B;
Supplementary Table S1). Mean subcanopy ANPPy, at the 85%
disturbance severity level averaged 127 kgC ha™! year™! in
2019 and 777 kgC ha™! year™! in 2021, a 5-fold increase. In
2021, the contribution of the subcanopy to total ANPPy, reached
6, 17, 23, and 27% of total ANPPy, in the control, 45, 65, and

85% gross defoliation levels, respectively. Thus, subcanopy and

rising  disturbance contributing a larger

canopy material legacies responded dynamically and completely
to offset the effects of rising disturbance severity, resulting in
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no significant differences in total ANPPy, among disturbance
treatments (p > 0.05; Figure 3C).

Canopy structural response to
disturbance

Mean VAI displayed greater change over time and less
resistance to disturbance treatments than canopy rugosity. VAI
declined significantly from 2018 (pre-disturbance) to 2021 at
65% (p = 0.02) and 85% (p = 0.005) disturbance severity levels
(Figure 4A). Mean VAl resistance was only significantly different
from 0 in the 65 % disturbance severity treatment where mean
resistance was —0.30 & 0.12 (p = 0.04, Figure 4B). In contrast,
there were no significant changes in canopy rugosity from 2018
to 2021 at any disturbance severity (p = 0.07) or between top-
down/bottom up disturbance types (p = 0.08, Figure 4C). Mean
canopy rugosity resistance was comparable among disturbance
severity and types, averaging 0.08 £ 0.09 (p > 0.05, Figure 4D).
Change-based and resistance metrics, therefore, suggest that
mean (experiment-wide) VAI legacies were eroded, while
material legacies associated with structural complexity remained
relatively unchanged.

Structure-production resistance and
change relationships

At the subplot scale, post-disturbance relationships between
ANPPy, and canopy structure differed for VAI and canopy
rugosity, and were dependent upon whether change or
resistance measures were assessed. Subplot ANPPy, change
was not correlated with either VAI (p = 0.98, Figure 5A) or
canopy rugosity (p = 0.37, Figure 5C) changes from 2018 to
2021. In contrast, ANPPy, resistance was positively related
to canopy rugosity resistance (Adj. R*> = 0.56, p < 0.001,
Figure 5D), but not VAI resistance (Adj. R? = 0.02, p =
0.23, Figure 5B), irrespective of disturbance severity or
treatment type. These results suggest that extensive subplot
variation in structure and ANPPy, associated with pre-existing
differences in site productivity, biomass, soils, and vegetation
communities rather than systematic responses to disturbance
type
and production.

severity —or drove interactions between structure

Discussion

Our analysis provides insight into the relationships
between forest structural material legacies and ANPPy; in the
years following experimental disturbance varying by severity
and source. Three years after stem-girdling, total ANPPy,
remained virtually unchanged, despite significant losses of
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FIGURE 3

Box plots representing aboveground wood net primary
production (ANPPy,) in the upper canopy (A), subcanopy (B), and
sum of both upper canopy and subcanopy (C). Middle
horizontal lines represent the median ANPP,,, boxes represent
the interquartile ranges, and the whiskers represent the
maximum and minimum subplot values for ANPP,,. Colored
boxes represent disturbance severity, or percent gross
defoliation, which is repeated in each stratum for years
2019-2021. Non-overlapping letters in (B) indicate significant
pairwise differences between disturbance severities (p < 0.05).
In the upper canopy and both strata combined, there was no
significant effect of disturbance severity (A,C).

VAI at higher disturbance severities. The growth of legacy
subcanopy and upper canopy trees fully compensated for
losses in ANPPy;, even at the highest disturbance severities.
Experiment-wide, mean VAI declined in response to high
severity disturbance treatments, while canopy rugosity was
less sensitive to disturbance; however, large subplot-to-
subplot variation points to substantial small-scale disturbance
response differences. Subplot canopy rugosity and ANPPy,
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FIGURE 4
Comparisons of mean vegetation area index (VAI) from 2018 to
2021 (A) and VAl resistance (the log ratio of experimental VAI
resistance compared to control VAl resistance) (B). Then,
comparisons of mean canopy rugosity from 2018 to 2021 (C)
and rugosity resistance (the log ratio of experimental rugosity
resistance compared to control rugosity resistance) (D). Bars
represent 95% confidence intervals. Significant differences from
the control plots are indicated by a single star (o < 0.05) or two
stars (p < 0.01) (A, C). Vertical lines at 0.0 indicate no change
over time in panels A and C; vertical lines at 0.0 indicate
resistance values equal to the control in panels B and D.

resistance values were correlated, irrespective of disturbance
treatment. These findings indicate that forest structural material
legacies sustained total ANPPy, following disturbance in
three synergistic ways, maintaining upper canopy ANPPy,
stimulating subcanopy ANPPy at levels commensurate
with the degree of disturbance severity, and supporting
ANPPy, resistance through the retention or accrual of
structural complexity.

A key finding is that the growth of legacy upper canopy
and subcanopy vegetation fully offset the declining growth
and mortality of stem-girdled trees, stabilizing total ANPP,y at
gross defoliation levels of 85%. Moreover, the top-down and
bottom-up disturbances exhibited comparably high levels of
ANPP;y resistance, indicating that structural legacies originating
from different locations within the canopy compensated equally
well for phloem-disruption. While system-wide production
was stable, the mechanisms underlying this stability changed
over time. In the first year following disturbance, girdled
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and ungirdled trees exhibited comparable radial stem growth
(Grigri et al, 2020, Figure 3A), a phenomenon associated
with the accumulation of non-structural carbohydrates above
the girdle following phloem-disruption (Regier et al., 2010;
Mei et al, 2015). As the growth of girdled trees tapered,
production in the upper canopy was sustained by healthy
tree growth. At the same time, we observed a significant
compensatory rise in subcanopy ANPPy, (Figure 3B), likely
stimulated by a gradual multi-year increase in canopy gap
formation and increased light availability, especially at the
highest severities (Hanson and Lorimer, 2007; Campbell et al.,
2009; Muscolo et al., 2014; Stuart-Haéntjens et al., 2015; Fahey
et al., 2016). The subcanopy ANPPy, response intensified
over time, lagging the initiation of disturbance. These results
indicate that the canopy stratum and physiology underlying
compensatory growth was dynamic and sufficiently flexible to
overcome progressive tree declines over time across a range
of disturbance severities and types. However, the high ANPPy,
stability that we observed may not occur when tree mortality
unfolds more rapidly (Breshears and Allen, 2002) or when
crucial material legacies are completely eliminated (Harvey etal.,
2016). Instead, our findings highlight the adaptive response of
forests in the event of slowly-unfolding disturbances caused by
phloem-feeding insects or defoliating disturbances from pests
and pathogens.

We found that canopy rugosity and VAI exhibited different
degrees of change and resistance following disturbance. Aligned
with our hypothesis, we observed a decline in VAI, especially at
the highest disturbance severities, as tree decline caused gradual
defoliation and crown degradation. At the highest disturbance
severities (65 and 85% gross defoliation), VAI declined, as
expected, in response to treatments targeting different gross
defoliation levels, similar to disturbance responses elsewhere
(Kashian et al., 2005; Peters et al., 2013). The resulting change
over time and reduction relative to the control in VAI forced
experiment-wide declines in this measure of vegetation quantity
across disturbance treatments (Figures 4A,B). In contrast, the
number of subplots gaining and losing canopy complexity
(i.e., rugosity) was approximately balanced, irrespective of
disturbance severity or treatment type (Figure4C). As a
result, mean canopy rugosity experiment-wide changed little
but exhibited high variability at the smaller spatial scale
(Figure 5C). Our findings that disturbance exerts variable effects
on small spatial-scale canopy rugosity are congruent with studies
demonstrating that moderate severity disturbances can enhance
or erode structural complexity by introducing or decreasing,
respectively, variation in the 3-dimensional arrangement of
vegetation (Meigs and Keeton, 2018; Peterson, 2019; Atkins
et al., 2020; Gough and Tallant, 2022). In our study, the effects
of disturbance on complexity were not systematic, however,
suggesting that additional site factors such as pre-disturbance
productivity, biomass, and community composition interacted
with disturbance to reshape structure. Together, these findings
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suggest the definition of material legacies be expanded to
acknowledge that disturbance may precipitate net losses (e.g.,
number of live stems) or increases (e.g., coarse woody debris)
of pooled individuals and resources with ties to ecosystem
functioning (Johnstone et al., 2016).

Lastly, we found that ANPPy’s resistance to disturbance
was directly coupled with the resistance of canopy rugosity
but not VAI indicating that small spatial scale variation in
structural complexity strongly predicted the response of a
key ecosystem function. Previous work has shown positive
relationships between wood or total NPP and leaf area index
(LAI) (Scheuermann et al., 2018), canopy rugosity (Hardiman
et al, 2011; Fotis et al., 2018; Gough et al,, 2019, 2021a),
tree density and size (Seidl et al., 2012), and species diversity
(Silva Pedro et al, 2015); however, our analysis is among
the first to show that the normalized disturbance responses
(i.e., resistances) of complexity and primary production parallel
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one another. The significance of this finding is three-fold.
First, it supports theoretical expectations (Mathes et al,
2021) that the use of normalized log ratios provides a
more sensitive test of disturbance response than pre- to
post- comparisons because the relativized (treatment:control)
response eliminates variability associated with the difference
in response magnitudes of the variable of interest (Hillebrand
et al, 2018). This normalization may have been particularly
relevant to the context of our study, which encompassed
landscape ecosystems varying substantially in pre-disturbance
composition and productivity (Gough et al., 2021b). Secondly,
and related, change metrics incorporate temporal variability
that is not driven solely by disturbance, whereas normalized
resistance metrics generated by comparing treatment and
control responses account for year-to-year variation explained
by other factors such as climate (Mathes et al., 2021). Third,
in the application, these findings suggest that forest stands
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managed for enhanced structural complexity could sustain
higher rates of primary production following disturbance
(Evans and Perschel, 2009; Puettmann et al., 2009; D’Amato
et al, 2011; D’amato and Palik, 2021). As a result, indices
of canopy structural complexity may be useful guide for the
adaptive management of disturbance response (Fahey et al,
2016).

Conclusion

We conclude that material legacies in the form of canopy
structure play a significant role in the stabilization of wood net
primary production following a phloem-girdling disturbance.
Our analysis shows that forests exhibiting high structural
resistance may be more functionally resistant to moderate-
to-severe slow-acting disturbances, but that the measure of
canopy structure (i.e, VAL vs. canopy rugosity) and the
analytical approach employed (temporal change vs. resistance)
are influential. In addition, we found that an intact subcanopy
was critical for compensatory growth to offset primary losses
in real-time as upper canopy tree growth waned (Stuart-
Haéntjens et al,, 2015; Fahey et al, 2016), underscoring the
importance of material legacies in the form of an intact vegetated
subcanopy. Finally, we advocate for an expanded definition
of “material legacies” that includes stand-to-landscape scale
changes in pooled biotic or abiotic materials. This broader
definition is compatible with the basic tenets of material legacy
theory (sensu Johnstone et al., 2016) and would acknowledge
that materials and resources crucial to ecosystem functioning
may decrease or increase following disturbance (Taboada
et al, 2018). Such broader inclusion would parallel recent
extensions of stability theory, which acknowledge the potential
for negative and positive resistances (Hillebrand et al., 2018;
Mathes et al., 2021), for example, in the case of higher primary
production following disturbance (Stuart-Haéntjens et al., 2015;
Williams et al., 2017). We suggest that continued dialogue and
interaction among and within the complementary scholarly
communities studying material legacies and stability theory will
help expand the relevance and application of these frameworks;
standardize analytical frameworks; and harmonize terminology
and concepts.
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