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Abstract

- Key message We used 20 years of plot data to analyze the influence of tree growth-mortality balance and species mix on
the potential of old stands to sequester carbon from the atmosphere and store carbon. The study indicated that carbon in
hardwood-dominated stands increased with age, without any sign of decline in carbon sequestration. In contrast, balsam
fir (Abies balsamea (L.) Mill.) dominated softwood stands showed a negative C change with a decline at 80 years of age.
« Context Variation in species stand development, carbon (C) storage, and sequestration is fundamental to ascertain the role of old
forests as sources and sinks in global C.

« Aims To analyze the effect of the balance between growth and mortality of species and hardwood-softwood mix on the C source
and sink budget of old forest types in New Brunswick, Canada.

« Methods A set of 602 plots, representing 12 stand types, were grouped into softwood (SW), mixedwood (MW), and hardwood
(HW) categories. Net C change per year, including growth, recruitment of trees, and mortality, was calculated, and plots were
categorized into three classes, of carbon sinks, sources, or neutral.

* Results Over the period from 1987 to 2007, 68% of plots were C sinks, 25% were sources, and 7% were neutral. Balsam fir-
spruce (Picea sp.) was the only stand type with negative mean C change at —0.2 t C ha ' yr '. Long-term C projection using
OSM (open stand model) determined that shade-tolerant hardwood and mixed stand types showed increases of 26-30% of total C
over a 100-year simulation, whereas other stand types ranged between 7 and 21% increases.

+ Conclusion Balsam fir-dominated stands incur high mortality rates due to shorter longevity (stand decline) and high suscep-
tibility to insect and wind disturbances, and therefore, HW and non-balsam fir-dominated MW should have priority in manage-
ment for longer rotations to maximize C onsite.
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stand development stage, species composition, balance be-
tween growth and mortality, and susceptibility to natural dis-
turbances (Ryan et al. 2004; Taylor et al. 2014; Bashir and
MacLean 2015). Forests sequester C from the atmosphere and
accumulate C in biomass as they grow for decades to centuries
and therefore can represent a huge C storehouse in later stages
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to C sink-source potential of older stands are local climatic
conditions (Gower et al. 2001), soil attributes (Wang et al.
2003), and changes in community structure during succes-
sion (Pare and Bergeron 1995). Recent studies, however,
suggest that both net ecosystem and net biome productivity
are predominantly positive in temperate, boreal, and trop-
ical forests even in old age (to >500 years) (Paw et al.
2004; Luyssaert et al. 2008). Similarly, Harmon et al.
(2004) estimated long-term net ecosystem productivity to
be positive (0.2 t C ha 'y ') in 500-year-old Douglas-fir
(Pseudotsuga menziesii)-western hemlock (Tsuga
heterophylla) forest. Luyssaert et al. (2008) also calculated
that primary old growth forests in boreal and temperate
regions of the northern hemisphere sequester about 1.3 +
0.5 gigatonnes of C per year, or approximately 17% of
global fossil fuel CO, emissions in 2005. Hence, the as-
sumption that old forest stands are neutral or net emitters of
C deserves re-examination (Gunn et al. 2014).

In this study, we used 20 years of data on over 600
permanent plots to analyze the influence of tree growth-
mortality balance and species mix on the potential of old
stands to sequester carbon from the atmosphere and store
carbon. Understanding patterns of forest growth with stand
development and how tree species and stand types differ in
their C storage and sequestration potential is fundamental
to determining the role of forests as sources and sinks in
global C budgets (Taylor and MacLean 2005; Neilson et al.
2007). Development as stands age regulates growth rates
and thereby C storage and is a significant source of
variability in net C change. Pregitzer and Euskirchen
(2004) studied 1200 entries from 120 references of boreal,
tropical, and temperate forest carbon pools across the
world and observed mean temperate forest C change of —
19,45, 24, 19,and 1.7t C ha™! yr_1 across five age
classes (0-10, 11-30, 31-70, 71-120, 121-200 years, re-
spectively). In addition to age, C sequestration potential of
stand types differs significantly due to differences in tree
species composition, softwood (SW)-hardwood (HW; de-
ciduous) species mix, silvics, and site productivity (Bunker
et al. 2005; Bashir and MacLean 2015). Higher rates of C
storage occur in large, long-lived species and in species
with dense versus light wood (Baker et al. 2004). Effects
of tree species on C storage and sequestration can also be
attributed to differences in biomass production rates among
species (Albrektsson 1988). In general, in eastern North
America, biomass C accumulation tends to be higher in
HW than SW stands. For example, Neilson et al. (2007)
in New Brunswick, Canada, observed C storage of 25—
75 t ha”' for SW stands compared to 44142 t ha ' for
HW at age 80 years. HW biomass was higher than SW
biomass over all diameter at breast height (DBH) values
(Freedman 1984), and a higher expansion factor was need-
ed to calculate biomass in HW than for SW because of
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higher branch to stem ratios (Jenkins et al. 2003). Shade-
tolerant species are likely to have higher stand densities
and leaf area and therefore higher accumulation of C stocks
compared to shade intolerant species (Malmsheimer et al.
2008).

Disturbances and decomposition rates also play an im-
portant role in C storage and cycling. Disturbances alter
storage of C in different pools and release C directly into
the atmosphere through combustion or increased decom-
position (Hurtt et al. 2002; Taylor et al. 2008; Fahey et al.
2009). Disturbances such as windthrow or insect outbreaks
can transfer large amounts of C from the live biomass pool
into dead organic matter and then into detritus in soils
(Kurz and Apps 1999; Goulden et al. 2011; Taylor et al.
2014). Due to C loss from disturbances and differences in
C storage and sequestration among forest types, policies
and recommendations for setting aside protected areas for
conservation of C should prioritize long-lived productive
stand types less susceptible to natural disturbances (Bashir
and MacLean 2015).

Although several studies have quantified stand- and
landscape-scale levels of C in old stands (e.g., Turner
et al. 1995; Gunn et al. 2014), in this study, we compare
C dynamics of a large number of old stands representing
varying species composition. Bashir and MacLean (2015)
concluded that differences in mortality rates among stand
types and species mixes determined C dynamics of older
stands in the Acadian Forest of eastern North America.
Balsam fir (Abies balsamea (L.) Mill.) dominated
mixedwood (MW) and SW stand types had a higher pro-
portion of plots with decreasing volume due to mortality
exceeding growth. In this study, we compare C sequestra-
tion and dynamics in major biomass pools of 602 old forest
plots representing 12 stand types, which we divided into
SW, MW, and HW categories. We tested three hypotheses:
H1—The balance of tree growth and mortality acts as the
primary source of variability in net C change, resulting in a
higher proportion of C source plots in SW-dominated stand
types because of higher mortality rates due to short longev-
ity and disturbances (Dymond et al. 2010; Colford-Gilks
et al. 2012; Wilson and MacLean 2015). H2—C storage
potential of each stand type varies significantly based on
species composition, silvics, and rate of biomass produc-
tion, with higher C storage in HW and MW stand types due
to denser wood and larger tree size than in SW (Baker et al.
2004; Bunker et al. 2005; Albrektsson 1988). H3—The
rate of increase in C sequestration with age varies with
stand type. Non-balsam fir (HW and MW) dominated for-
ests will continue to add biomass and sequester C for lon-
ger time periods and may act as C sinks for decades or even
centuries because of longer longevity and lower suscepti-
bility to insect and wind disturbances (Taylor and MacLean
2005; Bashir and MacLean 2015).



Annals of Forest Science (2019) 76: 35

Page3of12 35

2 Methods
2.1 Study area

The study area comprised approximately 3.4 million ha of
publicly owned (Crown) land in New Brunswick (NB),
Canada. Crown forest is spread across the province, but much
of it lies in large, consolidated blocks in the central, north-
central, and northwest regions. Forest in NB is diverse, includ-
ing 39 species of native trees (NBDNR 2003). We defined 12
stand types, grouped into three broad categories of HW, MW,
and SW, based on species dominance (Table 1) to represent
species groups that might have differing stand development
and C sequestration patterns. These were based on previous
stand stratifications used in NB. Detailed information about
the study area and stand type stratification, as well as growth
and mortality rates and stand dynamics patterns, can be found
in Bashir and MacLean (2015).

2.2 Permanent sample plot data

A network of permanent sample plots (PSPs) was established
in NB from 1987 to 1989, distributed across the entire

province with the exception of some large private blocks
and federal lands, and re-measured by the New Brunswick
Department of Natural Resources (NBDNR) and forest indus-
try (Porter et al. 2001). Plots consisted of one 400-m> 11.2-m
radius circular plot, with species, age class, height, and DBH
recorded for all live trees >5.1 cm DBH except for non-
merchantable alder (A/nus sp.) and mountain maple (Acer
spicatum Lam.). Ages were measured from trees just outside
the plot, using increment cores taken from a minimum of two
trees for each species/age class. Further details of plot estab-
lishment and measurement methods can be found in Porter
et al. (2001).

Data for the PSP measurements from 1987 to 2007 were
obtained from the NBDNR (PSP Coordinator) and catego-
rized based on stand age. A total of 602 mature and overma-
ture PSPs were selected, of which 576 were mature and 26
overmature; we pooled these in all analyses because of the
small sample size of overmature plots. Spruce-balsam fir
(SPBF) and BFSP PSPs were most abundant at 218 and
151, respectively. Number of PSPs of other stand types includ-
ed 44 tolerant hardwood (TH) plots, 32 tolerant hardwood-
spruce (THSP), and 33 spruce-tolerant hardwoods (SPTH)
(Fig. 1A).

Table 1 Mean above and below ground carbon (t ha™") by stand type and age classes
Stand type Carbon (t ha ') by age class® (years) and live biomass pools®
Age class (years)
<55 56-95 96-140 141+
AGC BGC AGC BGC AGC BGC AGC BGC
Hardwood stand types
TH® 75.1+53 14+1.83 (2) 914424 151+0.3(106) 97.8+3.0 152+0.3(90) 102.8+6.8 16.1+1 (16)
THSP 653+25 147+£0.7(3) 76.5+2.5 15.8+0.3 (78) 883+2.6 16.7+£0.3 (67) 100.1£10.8  16.9+0.6 (3)
THBF 71.2+£50 142409 (2) 85.2+3.1 14.9+0.3 (47) 97.2+43 159+033 (36) — -
IH-BFSP  63.2+3.3 149+0.5(28) 73.2+22  155+0.3(83) 772442  159+1.1(20) 80.2+7.4 16.2+0.48 (2)
Mixedwood stand types
SPTH 622455 143+22(5) 721427 152404 (96) 80.3£29  15.8+0.55(55) 85.1+£7.7 16.5+0.2 (8)
BFTH 66.2+57 152+14(11) 78.6+22  159+0.3(82) 89.6+3.5 16.9+0.55(28) — -
BFSP-IH  61.8+3.7 144+02(14) 71.2+2.0 14.8+0.3(84) 73.3+4.3 16.0+£1.0 (19) - -
Softwood stand types
BFSP 532427 13.8+0.6(27) 63.2+08 14.6+0.1(612) 69.5£1.9 153+0.05(75) 73.2+48 16.1+0.6 (13)
SPBF 50.1+34  124+£1.1(35) 592+1.0 13.1+0.1(621) 63.2+1.5 142+0.2 (350) 66.5+2.4 15.24+0.6 (94)
OSW 64.8+7.1 13.6 0.4 (3) 733+44  15.6+0.7 (34) 76.2+7.7 174+14(14) 80.3+4.3 19.1+1.7 (6)
PINE 62.1+0 15.6+0 (1) 70.3+3.7  16.8+0.7 (27) 83.0+42 182+1.1(12) -
PSSP 50.5+3.0 12.1+0.3(3) 60.8+4.3 13.7+£0.8 (25) 69.6+6.5 13.8+0.9 (14) 61.7+72 17.7+0.2 (4)

Plots were grouped into four broad age classes to estimate mean C in each age class. Therefore, the age-sequence of our stands was replicated and
represents growth patterns of a single stand over time

® AGC is aboveground carbon and BGC is belowground carbon

¢ Species abbreviations: TH, tolerant hardwood; SP, spruce; OSW, other softwood; BF, balsam fir; PSSP, poor site spruce; IH, intolerant hardwood. Values
are presented as the mean + 1 standard error. Numbers in parentheses are sample sizes. Sample sizes are the same for AGC and BGC pools
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2.3 Estimation of C stocks and change

For each component of tree biomass (wood, bark, branches,
and foliage) by species, the following allometric equation
from Lambert et al. (2005) was used:

B, _ 4p» (1)
where B, is the dry biomass component of trees, D is DBH,
and (3; and (3, are model parameters for each biomass compo-
nent by species (Lambert et al. 2005). Aboveground biomass
of each whole tree was calculated by summing the aforemen-
tioned four tree components, and then aboveground C stocks
were estimated as the product of all tree dry biomass multi-
plied by a constant factor of 0.5 (Leith 1975). Total C per
hectare of each plot was calculated, and plot values were av-
eraged by stand type. Belowground biomass (fine- and coarse-
root) was calculated using regression equations based on pub-
lished studies in temperate and boreal forest ecosystems (Kurz
et al. 1996). SW root biomass (R,) was estimated from SW
aboveground biomass (B;) by

Ry = 0238 (2)

while for HW, root biomass (R},) was calculated from HW
aboveground biomass (B},) using

Rh = 1.432 Bh0v639 (3)

Each PSP was categorized on the basis of the mean rate of
net C change over 20 years (from 1987 to 2007) into one of

three C change classes: neutral (+0.09 t C ha ' yr'"), sink >
0.09tCha ' yr!, or source <—0.09 t C ha ' yr ' (Fig. 1B).

Periodic C change (t C ha ' yr ') per plot over all measure-
ment periods was calculated as

(TC1=TCy)/(Y1=Y2) 4)

where TC; and TC, were the live biomass C at the first and last
measurement, and Y; and Y, are the corresponding years when
the measurements were made. For this study, deadwood was
quantified as the trees that died (mortality) between successive
measurements (periods) of DBH during the 20-year study.

2.4 Model projections for carbon estimation

We simulated the long-term (100 years) C sequestration po-
tential of each stand type using the open stand model (OSM;
Hennigar 2011) to estimate C for each component of above-
ground tree biomass (wood, bark, branches, and foliage) by
species. OSM is a forest growth simulation model that predicts
forest vegetation changes in response to natural succession in
the Acadian Region. OSM requires a tree list (number of trees
per diameter class per species per plot) to estimate forest in-
ventory attributes (e.g., density, basal area, quadratic mean
diameter) and volume using regional taper equations (Honer
etal. 1983). OSM also quantifies biomass C by species in four
major aboveground live pools using species-specific allome-
tric equations from Lambert et al. (2005). Tree lists of each of
the 602 plots representing the 12 stand types were simulated

a
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Fig. 1 Locations of 602 PSPs showing (A) three broad stand categories, and (B) three carbon change classes (sink > 0.09 C tha ', neutral 0.09 to — 0.09 C t
ha!, and source <—0.09 C t ha ). The three broad stand categories combine the 12 stand types used in analyses (see Table 1 for actual stand type classes)
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from the year of first measurement (1987—1989), at mean ages
per stand type from 67 to 85 years. To account for the impact
of climate and site factors (topography, soils) on growth dur-
ing simulations, plots were each categorized based on loca-
tion, ecoregion, and species into three climate zones (based on
variability in temperature and precipitation; low to high
growth) and four site classes (based on growing conditions,
poor to good) (data sources described in Hennigar et al. 2017).

When modeled (OSM) and observed (PSP) aboveground
biomass C (t ha ") for five measurement periods (1987-2007)
were compared for each of 12 stand types, R>> 0.8 were ob-
served for all stand types except BFSP, which had R*=0.7.
Net C change (t ha' yr ') was calculated and compared for
both modeled and observed biomass C values for all plots.
However, lower R*>=0.3 was found for modeled versus ob-
served net C change (tha ' yr '). This led us to further inves-
tigate and conclude that OSM under-predicted mortality in
comparison to observed mortality from PSP plots in the 12
major stand types. The OSM was calibrated with DBH incre-
ments resulting in improved simulation results to some extent
but further work should be done to improve the mortality
function of the model. For all plots, observed data (PSP) on
average accounted for 40% higher mortality than modeled
values from OSM.

2.5 Data analysis

We used ANOVAS to test for differences in total C stocks for
each of the factors stand type, hardwood-softwood mix (HW,
MW, SW), and biomass pool. Differences in periodic C
change among stand types were assessed using repeated mea-
sures ANOVA, where repeated measures accounted for corre-
lated data among periods. Tukey’s post hoc test for differences
among stand types was used to generate 95% simultaneous
confidence intervals for pairwise comparisons. Chi-square
contingency tables were used to analyze plot frequency distri-
butions by C change pattern for associations between C
change class and stand types. If the critical x* value was
exceeded, then the null hypothesis that there was no associa-
tion between classes was rejected. Mixed model ANOVAs,
x°, repeated measures ANOVA, and simple linear regression
were performed using R (R Development Core Team 2013).
Data were examined for normality and homogeneity of vari-
ances using the Shapiro-Wilk test and Levene’s test, respec-
tively. Statistical significance was determined at P < 0.05.

3 Results
3.1 C storage among biomass pools and stand types

Stand age and species composition clearly influenced the
amount of C sequestered in stands, and also varied across

broad class stratification of HW, MW, and SW stand types.
Live aboveground and belowground C content within four
broad age classes <55, 56-95, 96-140, and 141+ years,
representing developmental stages, are summarized in
Table 1. The aboveground C content in HW-dominated stands
ranged from 63 to 75, 73 to 91, 77 to 98, and 80 to 103 tha !
in the above four age classes, respectively (Table 1). For MW
stands, C stock at the same ages varied from 62 to 66, 71 to 79,
74 t0 90, and 85 t ha '. Stand types dominated by SW gener-
ally had less C than HW and MW stands at the same ages,
averaging 50-65, 5973, 63-83, and 67-80 tha ! for the four
age classes. Belowground C storage in tree root biomass in-
creased steadily over time, accounting for 12.1-19.1 t C ha™'
for SW, 14-16.9 t C ha™' for HW, and 14.3-16.9 t C ha™' for
MW (Table 1).

Total C, including aboveground and belowground biomass
and deadwood, ranged from 106 to 127 (mean 115) t ha !in
HW-dominated stands, 97 to 109 (mean 104) t ha™' in MW,
and 83 to 100 (mean 93) t ha !in SW (Fig. 2A). Distribution
and variability of total C (Fig. 2B) differed significantly
among HW, MW, and SW classes (F]5;=46.5, P<0.001),
stand types (F[;7=12.98, P<0.001), and among biomass C
pools (F[s;=1926.7, P <0.001) within each stand type. Stem
wood (wood + bark) C mean for all stand types accounted for
about 56% of total C, compared with 11-17% C in branches
plus foliage, 12—17% in roots, and 8-18% in deadwood.
Belowground biomass C constituted 13—16% of total C for
our stands, with a range of 14-17t C ha .

3.2 Characterization of plots as C sink, neutral,
or source

Among all PSPs, 68% were categorized as C sinks (>0.09tC
ha ' yr ! over the 20-year period from 1987 to 2007), 25% as
C sources (<—0.09tC ha ! yrﬁl), and 7% as C neutral (—0.09
t0 0.09 t C ha ' yr ') (Fig. 3). There was significant associa-
tion between the percentage of plots per C change category
and stand type (x> =143.4, df=22, P<0.001). HW-
dominated stand types, on average, had 20% of plots (range
0-36%) categorized as C sources (individual stand type
categories are defined in Table 1). Three MW stand types
had 15-34% C source plots, while SW stand types had the
most C source plots, ranging from 8 to 42%. Percentage of C
sink plots in HW stand types ranged from 57 to 82%, versus
58 to 85% in MW, and 49 to 84% in SW-dominated stand
types. Balsam fir and spruce SW stand types had 49% and
61% of plots classified as C sinks.

3.3 Temporal patterns of C change among different
stand types

Rates of periodic C change by stand type and measurement
period are presented in Fig. 4. Periodic C change of tolerant
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Fig. 2 A) Total carbon including
aboveground (foliage, branches,
bark, wood), belowground
(roots), and deadwood biomass
pools. 2B) Box plots showing
distribution of total carbon for 12
major stand types (abbreviations
defined in Table 1) grouped into
hardwood, mixedwood, and soft-
wood categories
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hardwood-spruce and poor site spruce plots decreased contin-
uously (from measurement periods 1 to 5); decreased in at
least three periods for balsam fir-spruce, spruce-tolerant hard-
wood, and tolerant hardwood-balsam fir; and increased in at

Fig. 3 Percentage of 602 PSPs in
three carbon change classes: sink
(>0.09tCha! yrfl), neutral
0.09to—0.09 t Cha ' yr "), and
source (<—0.09tCh™! yrﬁl)
based on net carbon change from
1987 to 2007 for each of 12 stand
types (abbreviations defined in
Table 1) grouped into hardwood,
mixedwood, and softwood
categories
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significant. Balsam fir-spruce was the only stand type that was
a C source for multiple time periods, and as a result, it had a
negative mean C change at —0.2 t C ha ' yr . For all stand
types mean C change ranged from 0.1 to just above 1 C
ha ' yr .

3.4 Effects of growth and mortality on periodic C
change

Tree mortality had the strongest influence on C storage in
live and dead biomass pools for each stand type and rates of
tree mortality varied among both stand types and C change
classes. In contrast, rate of C storage from growth remained
relatively constant among stand types and C change classes,
with mean C sequestered from growth on surviving trees
ranging from 1.6-4.6t C ha ' yr ' and ingrowth (recruitment
of trees between measurement periods) averaging only 0.4 t
C ha ' yr " in all plots (Fig. 5). Rate of C accumulation in
deadwood biomass for all stand types averaged 4.9, 3.1, and
1.4t C ha! yr_] for source, neutral, and sink C change
classes, respectively (Fig. 5). In the C source category plots,
mortality transfer to deadwood accounted for 4.3-5.9 t C
ha ' yr! for HW, 4.9-6.0 t C ha ' yr' ' for MW, and 2.0—
6.0t Cha ' yr ! for SW stand types. Mortality was 2.2-4.4 t
Cha ' yr ! for C neutral plots and 1.0-2.5t Cha ' yr ' for C
sink plots.

Mean annual C change was — 1.0, 0.04, and 2.2 t C
ha ' yr ! for source, neutral, and sink C classes, respectively

(Fig. 5). For MW and SW stand types, the C source plots had
net C change varying from — 0.4 to —2.0t C ha ' yr !, where-
as in HW-dominated stand types, it was —0.8 to —1.2t C
ha ' yr . Most stand types had >2 t C ha ' yr ' sequestra-
tion, with the highest mean C change for MW (2.6 t C
ha ' yr'"), followed by HW (2.1 t C ha ' yr'"), and SW
(1.9tCha'yr ).

3.5 Simulated 100-year C projections among stand
types

OSM simulations of C in the plots for 100 years projected that
7 out of 12 stand types would continue to increase in C se-
questered (Fig. 6). Stand types had variable ages of peak C,
depending on species mix. Tolerant hardwood-dominated
stand types were projected to have maximum C storage of
100-105 t ha ' at age 180—185 years, in comparison with
initial C of 70-87 t ha . Balsam fir and spruce-dominated
stand types were projected to have maximum C of 79—
88 t ha ' at ages 164—167 years and 186188 years. Decline
was projected for three stand types, with balsam fir-spruce
declining in C after year 80, and pine and poor site spruce
declining beginning at ages 140 and 170 years, respectively.
Balsam fir-spruce-intolerant hardwood stand types also
showed slight C declines at the end of the simulation period.
Projected decline in C was small (3-7 t C ha ') because re-
generation increased biomass; for balsam fir-spruce, C stock
was projected to rise from age 140 years due to advanced
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Fig. 5 Periodic change in carbon stock resulting from survivor growth,
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mortality for 12 old forest stand types. The stand types were grouped

regeneration (ingrowth) resulting in increased biomass in fir-
dominated stands.

Total C was projected to increase over the 100-year simu-
lation by 26-30% for tolerant hardwood and spruce-
dominated stand types, in comparison to 14-21% for five
other stand types. Even stand types associated with biomass
decline were projected to increase in C stock by 7-17% (bal-
sam fir-spruce and poor site spruce). For all stand types, 73—
80% of total C of the living biomass was composed of stem
wood (wood + bark).

4 Discussion
4.1 C stock change among stand types

Understanding dynamics of C across varied forest types and
successional patterns is useful to better understand and ac-
count for C stocks in forests as it connects the balance of
growth and mortality with landscape level C pools and fluxes
(Jenkins et al. 2001; Taylor et al. 2014). Forests act as a C sink
through positive net productivity (Brown 2002; Luyssaert
et al. 2008), but can switch to a C source due to natural stand
break up or disturbances resulting in higher mortality than
growth (Dymond et al. 2010; Bashir and MacLean 2015).
Our hypothesis H1 that net C change varied across stand types
was met. In our study, 25% of plots were characterized as C
sources (<—0.09 t ha ! yrﬁl) based on net C change over
20 years, from 1987 to 2007. In balsam fir and spruce-
dominated SW stand types, 38% of plots were classified as
C sources. Stands dominated by short-lived balsam fir tended
to break up at a relatively young age, transferring living bio-
mass into the deadwood biomass pool (Taylor and MacLean
2005; Neilson et al. 2008). Balsam fir-dominated stands with
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into categories based on C over 20 years (source, neutral, sink) and
species dominance (HW; hardwood, MW; mixedwood, SW; softwood)

decreasing live volume sustained cumulative mortality of
118-134 m® ha ! over 20 years (Bashir and MacLean 2015)
and had the highest proportion of C source plots in the present
study. Biomass decline has been attributed to nutrient limita-
tion and decreased photosynthetic capacity (Ryan et al. 2004)
and to increased probabilities of insect and (or) wind damage
(Pare and Bergeron 1995). Windthrow and stem breakage
caused 39-56% of mortality in balsam fir-dominated SW
and MW stands in recent studies in NB (Taylor and
MacLean 2005; Colford-Gilks et al. 2012; Wilson and
MacLean 2015; Bashir and MacLean 2015).

The net C change in 11 out of 12 stand types in our study
was positive (C sink), ranging from 0.3 to 1.4t C ha ! yrﬁl,
and only the balsam fir-spruce stand type had negative C
change. Overall, 58% of our PSPs maintained positive C
change ranging from 0.1 to 1.4 t ha' yr ' over the 20-year
study period. This is comparable to net C change of
0.5tha ' yr ' in boreal Norway spruce (Picea abies (L.) H.
Karst.) forest of Sweden (Bergh et al. 1999), but lower than
the 5.9 t ha ' yr' in maritime Sitka spruce (Picea sitchensis
(Bong.) Carr.) forest in Scotland (Clement et al. 2003) and the
5.7 tha ' yr ' in temperate pine forest of France (Berbigier
et al. 2001). Results demonstrated that most of the old stand
types in New Brunswick can still be substantive C sinks, sim-
ilar to results for old growth temperate and boreal forests of
Luyssaert et al. (2008). Non-balsam fir-dominated MW and
HW stands are the best opportunities for management to max-
imize C onsite under longer rotations (Neilson et al. 2008).

4.2 Influence of species mix on C stocks

Forest C varies on a landscape scale because of the spatial
heterogeneity in species composition and successional pat-
terns (Neilson et al. 2007). Mean C storage varied
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Fig. 6 Long-term projection of total aboveground carbon (including
foliage, branches, bark, and wood) for a period of 100 years for each of
12 old stand types using OSM (open stand model). Each plot representing

significantly among stand types, with HW stands account-
ing for 18% more C than SW and 10% more C than MW
stand types, hence supporting our hypothesis H2. Among
the 12 stand types that we examined, C stocks ranged from
59t0 92 t C ha ', in comparison with ranges of 25-75 and
40-90 t C ha ' reported for other SW and HW forest types
in eastern USA (Brown 2002), and 86-97 t C ha ! in
spruce-dominated stands in several regions (Zhou et al.
2004; Smith et al. 2006; Neilson et al. 2007).

Variation in aboveground biomass C stocks among
stand types depends on species composition/mixing due
to differing species growth, longevity, and silvics. Other
factors contributing to variation in carbon stocks among
stand types include climate, nutrient conditions, topogra-
phy, age, disturbance, and land management history (Tian
et al. 2012; Bashir and MacLean 2015). HW and MW
stands generally contain more C than SW stands due to
higher wood density (Albrektsson 1988), and greater bio-
mass at a given diameter in HW species than in SW
(Jenkins et al. 2003). In the northeastern maple (Acer
sp.)-beech (Fagus sp.)-birch forest, HW biomass was
greater than in SW (pine, spruce, and fir species)

the stand type was simulated from the year of first measurement (1987—
1989), at mean ages per stand type from 67 to 85 years, and averaged
results are plotted

(Schroeder et al. 1997; Brown and Schroeder 1999). Ker
(1980) reported that 67% of aboveground dry weight was
contained in the merchantable stem for SW versus 70% for
HW.

Our results revealed that species (i.e., dominance by
balsam fir) had more effect on C dynamics than did stand
category (HW, MW, SW). Bunker et al. (2005) also deter-
mined that tree species composition was important in reg-
ulating potential C storage, even with anthropogenic dis-
turbances excluded. Balsam fir-dominated MW and SW
stands sustained high mortality and relatively low C incre-
ment over time. Vulnerability to windthrow of balsam fir-
dominated stand types increases with age from 36% for 50-
year-old stands to 55% for 90-year-old stands (Ruel 2000),
and windthrow is also affected by past spruce budworm
(Choristoneura fumiferana Clem.) outbreaks in fir stands
(Taylor and MacLean 2009). Therefore, if C sequestration
is the objective, differences in on-site C stock should gen-
erally favor harvesting of SW stands and retaining HW-
and MW-dominated stands for a longer rotation (Neilson
et al. 2008). But our results also indicated that the “other
softwood” stand type, which mainly included hemlock
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(Tsuga sp.) and eastern white cedar (Thuja occidentalis)
species that have greater longevity and are less prone to
disturbances, can be utilized for increasing onsite C se-
questration (Bashir and MacLean 2015).

4.3 Effect of species mix on simulated long-term C
sequestration

Modeling techniques are useful tools for projecting long-term
C sequestration and the future role of forests as potential sinks
or sources in the global C cycle (Chapin et al. 2006). Long-
term projections of C sequestration of older stands in our study
indicated that species mix and stand age significantly influ-
enced tree C. Results indicated that HW- and MW-dominated
stands generally contained more C than SW stands at similar
ages, in agreement with other studies from same region
(Neilson et al. 2007; Neilson et al. 2008). The HW and MW
stands tended to sequester more C due to greater longevity and
lower susceptibility to insect and wind disturbances (Bashir
and MacLean 2015). Following 100-year simulations of our
mature aged plots, total C in tolerant HW stand types in-
creased by 26-30%, versus 7-21% increases in other stand
types examined. These results support our hypothesis H3 that
HW are more suited for long-term conservation of C than
other stand types, consistent with the notion that HW continue
to add biomass and act as C sinks for longer periods (Bashir
and MacLean 2015). Our results were generally comparable
to other simulated C sequestration studies, e.g., 12% increases
in above ground C of Norway spruce stand in Central Europe
by the year 2100 (Hlasny et al. 2014) and by 24-43% in
Sweden in the second half of the twenty-first century
(Jansson et al. 2008). In contrast, Tatarinov and Cienciala
(2009) projected up to a 6% decrease of C uptake in spruce,
beech, and pine stands by the year 2100 in the
Czech Republic.

As stand age increases, C storage in tree biomass also
increases. This highlights the significance of longer tem-
poral accumulation of C in old forests and also indicates a
high potential for managing these forests to maximize the
sequestration of C. Similarly, Zierl and Bugmann (2007)
suggested that forests in the Alps are expected to maintain
their role as C sinks for approximately the first half of the
twenty-first century. Other studies have also documented a
continuing C sink potential in older forests (e.g., Gunn
et al. 2014; Cai et al. 2015). Hence, forests conserved in
protected areas or that are managed under longer rotations
or continuous cover forestry will provide benefits of in-
creasing onsite C (Pukkala 2014). Species silvics and stand
developmental pattern should be considered while desig-
nating protected natural areas to achieve the structural and
functional objectives of old-growth forests (Mosseler et al.
2003).
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5 Conclusions

Using direct measurements over 20 years from over 600 plots
in old forest stands, and simulations of each plot over a subse-
quent 100 years, we concluded that the balance of tree growth
and mortality was the primary source of variability in net C
change. A higher proportion of C sources occurred in balsam
fir-dominated stands because of high mortality rates due to
shorter longevity and high susceptibility to insect and wind
disturbances. C storage and simulated future C sequestration
therefore varied significantly among stand types, being higher
in HW and MW stand types than in balsam fir-dominated SW.
Results showed that these North American temperate forests
have functioned as significant C sinks for many decades and
are still capable of sequestering C, and therefore should have
priority in management for longer rotations to maximize C
onsite. Plots in 11 out of 12 old stand types continued to accu-
mulate C with a positive mean C change ranging from 0.3—
1.4 t ha ' yr'. Only balsam fir-spruce stands had negative
mean C change, at —0.2 t ha™' yr ', Total forest C storage in
HW stands was 19% higher than in SW and 10% higher than in
MW-dominated old stand types.

Simulations projected that non-balsam fir-dominated for-
ests in this region will continue to add biomass and sequester
C for at least 100 years, and will act as C sinks for decades or
even centuries, although disturbance or environmental chang-
es may alter the trajectory. We conclude that the major forest
types in northeastern Atlantic Canada are currently C sinks
and forest management decisions (such as the type of forests
to conserve) to maximize onsite C should consider differences
in C storage and sequestration among major forest types.
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