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Abstract: Northern hardwoods are susceptible to a wide range of defects that can reduce the amount
of sound wood with desirable qualities, such as the clear sapwood of sugar maple trees. Yet, the rate
at which trees decline in quality due to the development of such defects has never been quantified in
northern hardwood forests due to a dearth of repeat inventories that record the appearance of defects
over time. As a result, it remains uncertain whether, and how, selection management reduces the
probability of decline in quality. In this study, we quantify the rate at which trees decline in quality
due to the development of defects, and we test several hypotheses regarding the influence of selection
management on quality. Our results show that (1) the probability of decline in quality increases
as trees grow larger; (2) crown dieback also increases the probability of decline in quality; (3) the
probability of decline in quality is slightly lower in managed stands than in unmanaged stands, and
(4) the probability of decline in quality increases with the mean annual temperature of the site. Finally,
we combined our estimates of the probability of decline in quality with previous estimates of the
probability of mortality to assess the overall risk associated with retaining trees of different species,
sizes, and vigour profiles. The resulting metric can inform efforts to improve the management of
northern hardwood forests by providing an integrated estimate of the risk that the value of a tree will
be reduced, or eliminated, due to mortality or decline in quality.

Keywords: selection cut; tree value; defects; tree-related microhabitats; sugar maple; yellow birch;
crown dieback; financial maturity; tree vigour

1. Introduction

In northern hardwood forests, the main goal of managing a stand is to grow trees that
will yield one or more logs that are suitable for the production of lumber and veneer [1].
Yet, product recovery rates often fail to meet foresters’ expectations because northern
hardwoods are susceptible to a wide range of defects, including biotic defects such as
cankers and abiotic defects such as cracks [2]. These defects reduce the volume and value of
the products that can be recovered from a tree by reducing the proportion of sound wood
with desirable qualities, such as the clear sapwood of sugar maple trees.

Many of these defects are readily recognized by foresters, who use them as a proxy for
quality when deciding which trees to retain during selection harvests. As a result, it is well
known that the occurrence of defects increases as trees grow larger [3–5], which is one of
the reasons that trees are typically retained only until reaching a maximum diameter of 45
to 70 cm (e.g., OMNR [6]), depending on the region. Retaining high-quality trees beyond
the maximum diameter is believed to be economically inefficient, as there is excessive risk
that such trees will fail to increase or maintain their value due to their decline [3].
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The fact that the occurrence of defects increases as trees grow larger suggests that the
probability of developing defects increases with tree age and diameter. This hypothesis is
consistent with other evidence that all trees eventually senesce, particularly with respect to
the increasing probability of mortality [7]. However, it is also possible that the probability
of developing defects remains constant or decreases over time, and that defects have simply
accumulated over time with larger, older trees [8]. Indeed, the rate at which trees develop
defects related to quality has never been quantified using longitudinal data in the northern
hardwood forests of North America, meaning that the significance of the probability of
decline in quality relative to tree size is fairly limited.

In addition to harvesting trees that exceed the maximum diameter, foresters also seek
to minimize the probability of decline in quality in selection-managed stands by reducing
stand density and retaining well-spaced trees that are not only of high quality but also
vigorous. Controlling stand density and spacing reduces competition among residual trees,
which reduces the probability of mortality [9,10]. Retaining vigorous trees, and particularly
trees that have little to no crown dieback, also reduces the probability of mortality [11].
While it seems logical that these tree selection strategies would also reduce the probability
of decline in quality, it remains uncertain whether, and how, selection management reduces
it in uneven northern hardwood stands [5].

Another important challenge to selection management is to find the balance between
improving stand quality and the conservation of biological diversity [12]. Indeed, the
defects that are recognized by foresters for having the most impact on tree quality, such as
fungal infections, cankers and advance decay [13,14], are also recognized as tree-related
microhabitats that are key structural elements supporting forest biodiversity [15]. These
distinctive structures are essential substrates for a diversity of species and communities to
properly develop and spread [5,16]. Salvaging low-quality trees and the use of a maximum
diameter for selection management may thus reduce the abundance and diversity of tree-
related microhabitats and undermine their ecological benefits, as reported in managed
European temperate forests (e.g., Larrieu et al. [16] and Paillet et al. [17]). This trade-off
leaves forest managers in the middle of competing expectations, and because the rate at
which trees develop defects has yet to be quantified in northern hardwood forests, the
capacity of actual selection management to allow for their continuous renewal remains
uncertain [5,18].

The lack of longitudinal studies is due to a dearth of repeat inventories that record
the appearance of common defects through time. In this study, we make use of one such
dataset to quantify the rate at which trees develop defects related to quality. We then
test the following hypotheses: (1) the probability of decline in quality increases as trees
grow larger; (2) crown dieback also increases the probability of decline in quality; (3) the
probability of decline in quality is lower in managed stands than in unmanaged stands.
Finally, we combine our estimates of the probability of decline in quality with previous
estimates of the probability of mortality to assess the overall risk associated with retaining
hardwoods of different species, sizes, and vigour profiles. These combined estimates aim to
provide an integrated assessment of the risk that the value of a standing tree will decrease
over time due to the development of defects, or be eliminated due to mortality.

2. Materials and Methods
2.1. Sampling Sites

We used repeated measurements of stem and crown defects taken in long-term silvicul-
tural trials conducted between 1983 and 2021 by the Direction de la recherche forestière of
the ministère des Forêts, de la Faune et des Parcs du Québec. The inventory dataset includes
87 rectangular permanent sample plots (PSPs) of 0.5 ha (50 × 100 m) that were established
in 18 experimental study sites spanning the northern hardwood forest zone of the province
of Quebec [9,19]. This zone runs east–west between 78◦00′ W to 65◦00′ W and north–south
between 44◦00′ N to 47◦00′ N, across an area of approximately 180,000 km2 (Figure 1). The
topography is characterized by rolling hills and gentle slopes and the surface deposits are
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shallow or deep tills of glacial origin [20]. The mean annual temperature is 1.8–4.0 ◦C and
the mean annual precipitation is 920–1420 mm, with the southwestern areas being warmer
and dryer than the northeastern areas [21]. The sampling sites were located in previously
unmanaged mature uneven-aged northern hardwood stands dominated by sugar maple
(Acer saccharum Marsh.), followed by yellow birch (Betula alleghaniensis Britt.) and American
beech (Fagus grandifolia Ehrh.) as the most common species, with minor components of
red maple (Acer rubrum L.), black cherry (Prunus serotina Ehrh.), basswood (Tilia americana
L.), hornbeam (Ostrya virginiana (Mill.) K. Koch), balsam fir (Abies balsamea (L.) Mill.), red
spruce (Picea rubens Sargent) and Eastern hemlock (Tsuga Canadensis (L.) Carr.).
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Figure 1. Location of study sites in northern hardwood forests of Quebec. Red crosses represent
experimental study sites in which square PSPs of 0.5 ha were established between 1983 and 1999.

2.2. Experimental Design and Data Collection

Selection cuts were conducted in several stands in each of the study sites. The main
objective was to reduce stand density uniformly while retaining well-spaced trees that
are not only of high quality but also vigorous [22]. Harvesting priority was given to
defective trees having the poorest silvicultural characteristics, such as culls, crown dieback
and decaying wounds on the main stem [22], with a mean removal of about 30% of the
merchantable basal area of the stand. A part of each stand was also left unmanaged, and
PSPs of 0.5 ha were established in both the unmanaged (control) and the managed parts of
the stand within the 12 months following the harvest. Plot basal area averaged 25 m2/ha in
unmanaged plots and 18 m2/ha in managed plots at the time of their establishment. All
trees with a diameter at breast height (DBH, 1.3 m above ground) ≥9.1 cm were numbered
during plot establishment and the PSPs were inventoried periodically at a mean interval
of five years. During each inventory, the tree species was recorded and the DBH was
measured using a diameter tape. Tree vigour was assessed by measuring crown dieback,
which is the proportion of crown lost to dieback or breakage [11]. The death of lower
branches due to self-pruning was not considered.

Decline in quality was also assessed during the periodic inventories by recording the
appearance of individual defects that are known to significantly reduce the volume or
value of the products that can be recovered from hardwood trees [13,14]. The individual
defects were combined into one of two groups during field evaluation. The first group of
defects included both fruiting bodies of fungal infections and cankers on the bole. The most
common fungi were Armillaria spp., Phellinus cinereus (Niemelä) Fr., Phellinus igniarius (L.:
Fr.) Quel., Oxyporus populinus (Sokum.: Fr.) Donk, Kretzschmaria deusta (Hoff.: Fr.) Martin,
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Inonotus glomeratus (Pk.) Murr. and Inonotus obliquus (Pers.: Fr.) Pilat, while the most
common cankers were Eutypella parasitica (Davidson and Lorenz) and Neonectria galligena
(Bres.) Rossman and Samuels [19]. The second group of defects included the presence
of advanced decay (also referred to as rot) on the stem, mainly in wounds, cavities and
cracks. This type of internal decay is the result of complex interactions between a large
number of bacteria and fungi that progressively discolour and then digest wood [23]. As
demonstrated by Cockwell and Caspersen [13] and Havreljuk et al. [14], the occurrence
of these two groups of defects can be used to assess tree quality as an efficient alternative
to more complex specifically designed vigour or quality classifications (e.g., Monger [24]
and Boulet and Landry [25]). Based on these recommendations, the appearance of one of
these groups was considered as a decline in quality. The dataset consisted of 10,021 sugar
maple and 1200 yellow birch trees that were periodically remeasured over a span of 20 to
36 years (mean: 25 years) and that remained alive over the study period. For both species,
the number of sampled trees decreased with increasing diameter class, which is consistent
with the typical distribution of trees in uneven-aged stands (Table 1).

Table 1. Number of trees that were sampled by DBH class and species.

DBH Class (cm) Sugar Maple Yellow Birch

9.1–19.0 4412 350
19.1–29.0 2764 325
29.1–39.0 1637 273
39.1–49.0 860 168
≥49.1 348 84
Total 10,021 1200

2.3. Statistical Analysis
2.3.1. Probability of Decline in Quality

During each periodic inventory, trees presenting the first sign of decline in quality (i.e.,
the appearance of one group of defects) were identified. The probability of developing
these defects was then modelled at the tree level using the Cox proportional hazards model,
with plots included as a random frailty effect using a gamma distribution. These models
can be used when the risk of a particular event is recorded through time, but the exact time
of its occurrence can only be approximated. This is the case with the subject data, as the
development of defects is only known to have occurred at some point between two periodic
inventories. In our analysis, the event is therefore an interval-censored variable [26], and
the development of defects related to quality was thus treated as a binary outcome, taking
a value of 1 if a tree developed one or more defects and a value of 0 if a tree maintained
quality up to a particular point in time, which in this case was the next inventory. Although
the appearance of defects was recorded over time using repeated inventory, the candidate
explanatory variables were fixed at the time of plot establishment for the purposes of our
analysis [11].

Two types of explanatory variables were tested: (1) at the tree-level, the initial
DBH (cm) as a continuous variable, crown dieback (%), and species; (2) at the plot-level, the
basal area (BA, m2/ha) and a categorical treatment variable (managed/unmanaged) were
used to quantify stand density, as suggested by Guillemette et al. [19] and Moreau et al. [11].
The mean annual temperature of the site (◦C), and total precipitation (mm) for 1970–2000
were also tested (WorldClim database (V.2), [27]) The interaction between the candidate
explanatory variables was also tested. Three different models were constructed: (1) the
probability of developing fungi and cankers, (2) the probability of developing decaying
defects, and (3) the probability of developing any defects related to quality.

2.3.2. Combined Probability of Decline in Quality and Mortality

An assessment of risk should consider the probability of decline in quality as well as the
probability of mortality, as trees that die between harvests lose all their value. Accordingly,
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we combined our estimates of the probability of decline in quality with previous estimates
of the probability of mortality to assess the overall risk associated with retaining hardwoods
of different species, sizes, and vigour profiles.

In a previous analysis by Moreau et al. [11], sugar maple and yellow birch survival
were modelled as a function of initial DBH and crown dieback using similar Cox propor-
tional hazards models. The survival analysis were calibrated with the same dataset as
this study, with the addition of a second dataset including 528 circular PSPs of 400 m2

that were established between 1995 and 1999 in 149 operational study sites throughout
the northern hardwood forest zone of Quebec [11,28]. For both species, the combined risk
of dying or declining in quality was computed as a function of initial DBH and crown
dieback over a 30-year period. For the purposes of our analysis, non-vigorous trees were
defined as having a crown dieback of 45%, which both reduced tree growth and increases
the probability of mortality by more than 50% [11]. The combined risk was calculated using
the following equation:

CR = M + (1−M)× D (1)

where CR is the cumulative risk, M is the estimates of the probability of mortality and D is
the estimates of the probability of decline in quality.

All statistical analyses were performed in the R statistical programming environ-
ment [29]. The coxph function of the survival package was used for the Cox proportional
hazards models [30]. The important assumption in the Cox survival model is that the
hazards are proportional, which means that the relative hazard remains constant over time
with different covariates [31]. This model assumption was validated with graphical analy-
ses of the residuals and statistically tested using the cox.zh function of the survival package.
To help describe models, we computed the pseudo-R2 related to the Cox survival analysis
using the coxr2 package. Finally, a correlation matrix and chi-square test of independence
were performed to detect potential multicollinearity among covariates.

3. Results

For the three general models, low correlations among predictors agreed with a sig-
nificant chi-square test of independence among categorical predictor variables and with
an absence of multicollinearity. Therefore, all predictor variables were included in the
models. Moreover, the proportional hazard assumption was supported by a non-significant
relationship (α = 0.05) between residuals and time for each of the covariates and for the
three global models, which also agreed with an absence of pattern with time from graphical
inspection of residuals. Therefore, the assumption of proportional hazards was supported.

3.1. Probability of Developing Cankers and Fungi

Among trees that survived the entire study period, 18% developed cankers and
fungi. The significant explanatory variables were the interaction between DBH and species,
crown dieback, and the categorical management variable (Table 2), with the final model
having a R2 of 0.27. The probability of developing cankers and fungi increased with
DBH (Figure 2A,B), and the averaged probability of developing these defects was slightly
greater for sugar maple than yellow birch (Figure 1). However, the effect of DBH was more
important for yellow birch, for which the probability of developing cankers and fungi was
33% higher for large trees (hereafter, 60 cm DBH) than small trees (hereafter, 20 cm DBH)
after 30 years (Figure 2B). For sugar maple, the probability of developing cankers and fungi
was 15% higher for large trees than small trees over the same period (Figure 1A). For both
species, the probability of developing cankers and fungi increased with increasing crown
dieback (Figure 2C,D). Lastly, trees in managed plots showed slightly lower probability of
developing cankers and fungi (Figure 2E,F).
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Table 2. Statistics of the three general Cox proportional hazard models on the probability of devel-
oping defects related to tree quality, including the estimates, standard errors (SE), chi-squared tests
(Chisq), and p-values (p). CDBK = crown dieback.

Probability of Developing Cankers and Fungi
Explanatory Variable Estimate SE Chisq p

DBH 0.046 0.005 77.46 <0.001
Species (sugar maple) 0.960 0.220 19.14 <0.001
CDBK 0.007 0.003 2.92 0.045
Treatment (managed) −0.190 0.080 5.56 0.018
Precipitation 0.001 0.001 0.15 0.700
Temperature 0.008 0.001 1.32 0.250
Initial plot basal area 0.001 0.005 0.05 0.830
DBH:Species −0.022 0.005 14.36 <0.001
Frailty (plot variance) 159.56 <0.001

Probability of developing decaying defects

Explanatory variable Estimate SE Chisq p
DBH 0.016 0.001 96.53 <0.001
Species (sugar maple) 0.233 0.080 8.46 <0.001
CDBK 0.010 0.002 13.49 <0.001
Treatment (managed) 0.187 0.090 0.08 0.780
Precipitation −0.001 0.001 0.98 0.320
Temperature 0.013 0.006 4.92 0.026
Initial plot basal area −0.001 0.004 0.06 0.810
Frailty (plot variance) 191.69 <0.001

Probability of developing any defect related to tree quality

Explanatory variable Estimate SE Chisq p
DBH 0.037 0.005 59.61 <0.001
Species (sugar maple) 0.680 0.174 18.89 <0.001
CDBK 0.010 0.002 19.28 <0.001
Treatment (managed) −0.007 0.085 0.01 0.900
Precipitation 0.001 0.001 0.00 0.980
Temperature 0.010 0.006 3.61 0.056
Initial plot basal area 0.001 0.004 0.01 0.690
DBH:Species 0.017 0.006 11.66 <0.001
Frailty (plot variance) 235.20 <0.001

3.2. Probability of Developing Decaying Defects

During the study period, 25% of all trees that survived developed decaying defects.
The significant explanatory variables were the initial DBH, tree species, crown dieback,
and the plot-level averaged annual temperature (Table 2), with the final model having an
R2 of 0.17. No interactions were retained in the model. As with cankers and fungi, the
probability of developing decaying defects increased with increasing DBH (Figure 3A,B),
and the probability was slightly greater for sugar maple than yellow birch (Figure 3). The
probability of developing decaying defects increased with dieback (Figure 3C,D), and with
annual average temperature (Figure 3E,F).

3.3. Probability of Decline in Quality

Overall, 34% of trees that survived during the study period developed at least one
defect related to tree quality. The significant explanatory variables were the interaction
between DBH and species, crown dieback, and the annual temperature (marginal; p = 0.056),
with an R2 of 0.18 (Table 2). As expected, the probability of decline in quality increased
considerably with increasing DBH (Figure 4A,B). For yellow birch, the probability of decline
in quality was 50% higher for large trees than small trees after 30 years (Figure 4B), while
for sugar maple, this probability was 38% higher for large trees than small trees (Figure 4A).
Over 30 years, the probability of decline in quality for sugar maple and yellow birch trees
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with 45% crown dieback was 18% and 14% higher than that of a tree without any dieback,
respectively (Figure 4C,D). Lastly, the probability of decline in quality increased slightly
with annual average temperature (Figure 4E,F).
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3.4. Combined Probability of Decline in Quality and Mortality

For sugar maple, both the probability of mortality and decline in quality increased
with DBH, which resulted in a much higher combined risk for large trees (72%) than
small trees (41%) after 30 years (Figure 5A,E). While a crown dieback of 45% increased the
probability of decline in quality, the effect was even greater for the probability of mortality
(Figure 5B–F). Thus, the combined risk for trees with 45% crown dieback increased by
approximately 25% for all DBH class (Figure 5B–F). As a result, less than 10% of all initially
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non-vigorous sugar maples with a DBH of 60 cm are likely to survive and also maintain
quality over 30 years.
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For yellow birch, only the probability of decline in quality increased with DBH, but
the combined risk for large trees was still 35% higher than for small trees after 30 years
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(Figure 6A–E). As with sugar maple, the combined risk increased for trees with 45% crown
dieback, but this effect was greater for small trees than large trees (Figure 6B–F). As a result,
the combined risk for small, non-vigorous yellow birch was as high as 66%, which is almost
as high as for large, vigorous trees that were not affected by crown dieback (72%).
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4. Discussion

One of the main objectives of this study was to assess whether the probability of
decline in quality increases as trees grow larger (hypothesis 1). Our results confirm that
the probability of decline in quality increases substantially with DBH for both sugar maple
and yellow birch. The effect of DBH on the probability of decline in quality was similar in
magnitude to its previously reported effect on the probability of decline in vigour [11]. For
example, sugar maple trees with a diameter of 60 cm have a 61% probability of declining in
quality over a 30-year period (Figure 4) and a 68% probability of declining in vigour [11].
The sheer magnitude of these risks amplifies the biological and economic impact that
defects are already known to have on trees: biologically, a decline in vigour can reduce tree
growth by more than 70% and increases the probability of mortality by more than 60% [11];
economically, a decline in quality can reduce a tree’s value by more than 50% [13,14]. Thus,
our effort to quantify the risk of decline highlights the potential beneficial impacts of tree
selection strategies that promote the retention and growth of smaller trees to maximize the
yield of quality timber [32]. Indeed, the higher probability of developing defects for larger
trees may be responsible for the decline of both the monetary value per cubic meter and
the sawlog-to-merchantable volume ratio that were reported for sugar maple and yellow
birch larger than 45 cm [14,33], as well as reaching a plateau in growth efficiency from a
similar DBH threshold [34].

Our results underscore the potential impact of setting the maximum diameter too
high, as may be the case in central Ontario, where the recommended maximum diameter
for sugar maple trees is 60 cm [6,35]. Our results for sugar maple show that the probability
of losing value by dying or declining in quality reaches 72% and 93% at 60 cm, for vigorous
and non-vigorous trees, respectively (Figure 5). The trend was similar for yellow birch
(72% and 91%, respectively), suggesting that the maximum diameter should be much
lower than the recommended 60 cm. Recently, a maximum diameter of 43–46 cm has been
recommended for Quebec [36], based on a financial maturity analysis, which is defined as
the diameter at which there is no financial gain in leaving trees to grow, taking into account
the risk of potential losses due to mortality and declining quality. While low-vigorous
trees from all size classes that are affected by crown dieback, cankers and fungi should
remain the first harvest priority during selection cutting [11], a smaller maximum diameter
such as the one proposed by Guillemette [35] could be part of the following priorities to
reach the desirable harvest rate. Maintaining the highest priority for low-vigour trees is
mandatory to avoid further high grading that resulted from past diameter-limit cuttings in
many northern hardwoods stands [1,37].

The other main objective of this study was to assess whether selection management
can further reduce the risk of decline in quality by reducing stand density and retaining
well-spaced, vigorous trees. Our results confirm that risk of decline is much lower for
vigorous trees that have little to no crown dieback (Figure 4, hypothesis 2). However,
the effect of crown dieback on the probability of decline in quality was smaller than
its previously reported effect on the probability of mortality [11]. Nevertheless, both of
these results suggest that healthy crowns are able to fix more carbon, some of which
can be allocated to the growth of callus tissues, the compartmentalization of xylem, and
the occlusion of wounds [23]. Thus, even if incipient crown dieback does not have an
immediate impact on value [14], the resulting decline in vigour does increase vulnerability
to infections that lead to a subsequent decline in quality. These results demonstrate once
again that focusing on the retention of trees with little to no crown dieback will help
foresters meet both the silvicultural and economic objectives of selection management [11].
Furthermore, prioritizing the removal of trees that have begun to exhibit crown dieback
but no stem defects will not only serve to increase the yield of subsequent harvests, but
also the recovery of value in the current harvest, by allowing tree markers to better identify
low-vigor, high-value trees [38].

On the other hand, while our results show that the probability of decline in quality is
lower in managed stands than in unmanaged stands, the effect of selection management
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alone was rather modest (hypothesis 3). This is consistent with our previous finding that the
probability of decline in vigour was similar in managed and unmanaged stands [11]. It is
also in line with the similar occurrence and characteristics of tree-related microhabitats that
was reported between selection-managed and unmanaged northern hardwood stands [5].
Taken together, these results suggest that reducing competition with other residual trees
(by controlling density and spacing) has a smaller effect on the development of defects
than retaining smaller trees with little to no crown dieback. However, our plot-level
variable (i.e., managed/unmanaged) is unable to capture the full range of variation in
competition that individual trees must endure, so a spatial neighborhood analysis would
be required to better compare the effect of controlling competition with the effect of the
other selection strategies [39,40]. In addition, our study could not capture the potential
effect of long-term management, since the study period of management (20 to 36 years)
represents approximately 10 to 25% of the lifespan of a mature tree (150–200 years).

Over the study period, 25% of the trees developed advanced decay, making this the
defect category with the highest occurrence. Unlike defects such as cankers and fungi,
the development of these decaying defects increased with increasing temperature, consis-
tent with the well-documented correlation between temperature and decomposition [41].
In general, decay increases with temperature due to the thermodynamics of enzymatic
reactions [42], and an increase of micro-organisms and fungal respiration [43,44]. How-
ever, previous studies generally focused on standing dead trees and downed woody
debris [40,44], and few have previously quantified how temperature affects decay rates in
living trees growing under natural forest conditions [45]. Our finding that the development
of decaying defects increased with temperature contrasts with the results of Guillemette
and Bedard [46], who reported a higher proportion of high-quality trees in warmer por-
tions of our study area. This discrepancy may be explained by the fact that they did not
disaggregate the various defects when conducting their temperature-sensitivity analysis.
Indeed, the effect of temperature became marginal in our analysis when the two defect
categories were combined to include all defects. This suggests that the positive effect of
temperature on the probability of developing decay may be partly offset by the greater
incidence of frost damage at lower temperatures [46,47].

Our results suggest that global warming will accelerate the rate that hardwoods
develop decaying defects, which would reduce the yield of high-quality logs and our
ability to predict it using the equations presented here. From an ecological perspective,
accelerated decay may also reduce forest carbon storage and our ability to quantify it
using actual allometric equations [45]. These results underscore the need to examine decay
dynamics across broader climatic gradients in order to better predict how environmental
conditions affect the risk of developing defects. Such effort should also include the potential
effect of soil conditions variability, which could be another important driver of defect
development [47] that was not directly captured by our analysis.

Managing for Yield and Biodiversity Conservation

While interpreting our results to elaborate selection strategies that favour the yield of
quality timber, it is fundamental to recognize the critical role of defects as microhabitats that
are supporting forest biodiversity [48]. Consequently, focusing on the yielding of smaller
trees that have not yet reached financial maturity must be complemented by the retention
of a certain number of large trees that are likely to decline, decay and die, thereby providing
habitats that benefit biodiversity [49]. For example, current silvicultural guidelines in
Ontario require that tree markers retain at least six live trees per hectare that are larger than
25 cm at the DBH and that have cavities or the potential to develop cavities [6]. Because
the rate at which trees developed defects increases substantially with DBH, our results
suggest that tree markers should focus on the retention of larger trees to create greater
microhabitats opportunities [49]. Current guidelines also require the retention of at least
one supercanopy tree (trees >60 cm at DBH) per four hectares when available. Indeed, the
equations presented in this study could be used to enhance the retention recommendations
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in northern hardwood stands managed under smaller maximum diameter to ensure that
the characteristics of tree-related microhabitats continue to mimic those in unmanaged
forests [5,50,51].

5. Conclusions

This study demonstrates that the probability a tree will decline in quality increases
substantially as it grows larger. Because the same is true for the probability of mortality
and the probability of decline in vigour, our results underscore the potential silvicultural
and economic impacts of selection strategies that favor the retention and growth of smaller
trees that have not yet reached financial maturity [11,32,36]. Further research on financial
maturity should focus on quantifying the rate that trees increase (or decrease) in value, and
the extent to which value decreases when trees develop defects. Moreover, further work
should include the effect of time on the actualization of value, which was not the case in our
analysis. With this additional information, the size at which trees reach financial maturity
could be calculated by using our risk analysis to offset the increase in value derived from
biological growth, by the decrease in value derived from the risk of dying or declining
in quality.

Our study also demonstrates that crown dieback, the best indicator of being non-
vigorous, not only increases the probability of mortality [11] but also the probability of
decline in quality. Taken together, these results show that prioritizing the removal of trees
with crown dieback will help foresters meet both the silvicultural and economic objectives
of selection silviculture. Finally, we combined our estimates of the probability of decline in
quality with our previous estimates of the probability of mortality to assess the overall risk
associated with retaining trees of different species, size, and vigour profiles. The resulting
metric can inform efforts to improve the management of northern hardwood forests by
providing an integrated estimate of the probability that a tree will die or decline in value.
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