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ABSTRACT 

The influence of the balance between growth and mortality and hardwood-softwood mix 

on stand and carbon dynamics were studied in 602 old (mean age 84-108 years) permanent 

sample plots in New Brunswick, Canada. Plots represented 12 stand types, grouped into 

softwood (SW), mixedwood (MW), and hardwood (HW) categories. Tree mortality was 

variable and had the dominant influence on stand and carbon dynamics in each stand type, 

whereas increment of surviving trees and ingrowth were relatively constant among stand 

types. HW and other (non-fir-spruce (Abies-Picea)) SW stand types were stable, less 

vulnerable to spruce budworm (Choristoneura fumiferana (Clem.)) and windthrow than 

balsam fir (Abies balsamea (L.) Mill.) dominated stands, and thus well-suited for protection 

to develop into old growth forests and achieve long-term sequestration of on-site carbon. 

Results showed that the presence of balsam fir and spruce species was more important than 

broad stand type in determining stand dynamics, and indicated the carbon sequestration 

potential of older stands of different stand types. Stands dominated by balsam fir had the 

largest decline in volume with cumulative mortality of 118-134 m3ha-1 over 20 years due 

to short longevity and vulnerability to insect disturbance. Balsam fir–spruce was the only 

stand type with negative mean C change at -0.2 t C ha-1yr-1 resulting in C release. 

 

 

 

 

 



iii 

 

 

 

 

 

 

 

 

 

 

DEDICATION  

To my Parents 

Mr. Bashir A Wani and Mrs. Rafiqa Wani 



iv 

 

ACKNOWLEDGEMENTS  

I wish to express my sincere gratitude to my supervisor Prof. Dr. D.A. MacLean 

for his unwavering support, understanding and helpful comments from the designing of the 

research proposal until the completion of thesis work. Thank you “Dave”.  

I am thankful to Dr. Chris Hennigar, co-supervisor, for his effective guidance and 

ideas about research work from time to time. I would like to use this opportunity to thank 

other advisory committee members Dr. Graham Forbes and Greg Adams for their support 

during my degree programme. 

I am proud of my family members for their understanding, care and support in every 

aspect of my life and for making it possible for me to conduct my studies. My wife, Nuzhat 

(ENNA) has been at my side through everything, as a best friend, and I could not have 

completed this project without her support and encouragement. I would like to thank 

Daddy, Mummy, Shah Mudasir (Bhaijan), Nusrat Anjum, Arjumand, and Mennaz, and my 

in-laws (Papa, Jaji, Irfan and Sameer) for taking care of my family during my stay in New 

Brunswick. I cannot forget to thank the little angels of my family Musa, Taroob, 

Muhamand and Essa for their refreshing Skype chats during my stay in New Brunswick.   

I am also thankful to my friends (Arshad, Mamun, Irfan, Kwadwo, Bo Zhang, Sean 

Lamb, Evan Dracup) for making my time in New Brunswick a truly unforgettable 

experience. 

This work was supported by funding from a Community University Research 

Alliance project led by Dr. Don Floyd, with industry support from J.D. Irving, Limited. I 

thank the New Brunswick Department of Natural Resources for permanent sample plots 

database access and support. 



v 

 

Table of Contents 

ABSTRACT ........................................................................................................................ ii 

DEDICATION ................................................................................................................... iii 

ACKNOWLEDGEMENTS ............................................................................................... iv 

Table of Contents ................................................................................................................ v 

List of Tables ..................................................................................................................... ix 

List of Figures ..................................................................................................................... x 

CHAPTER 1: GENERAL INTRODUCTION ................................................................... 1 

1.1 Problem statement ..................................................................................................... 2 

1.2 Background ............................................................................................................... 3 

1.2.1 Old forests .......................................................................................................... 3 

1.2.2 Carbon dynamics ............................................................................................... 4 

1.2.3 Natural disturbances........................................................................................... 6 

1.3 Study area description ............................................................................................... 7 

1.4 Research goal and objectives .................................................................................... 8 

1.5 Thesis structure ....................................................................................................... 10 

1.6 Application .............................................................................................................. 11 

1.7 References ............................................................................................................... 11 

CHAPTER 2: EFFECTS OF SPECIES AND HARDWOOD-SOFTWOOD MIX ON THE 

BALANCE OF GROWTH AND MORTALITY IN OLD STANDS IN NEW 

BRUNSWICK, CANADA ............................................................................................... 21 

 

2.1 Abstract ................................................................................................................... 22 

2.2 Introduction ............................................................................................................. 24 



vi 

 

2.3 Methods .................................................................................................................. 27 

2.3.1 Study area......................................................................................................... 27 

2.3.2 Permanent sample plot data ............................................................................. 28 

2.3.3 Data analyses ................................................................................................... 29 

2.4 Results ..................................................................................................................... 31 

2.4.1 Net volume change patterns by stand type ...................................................... 31 

2.4.2 Differences in mortality and PAI among stand types and volume change classes

 ………………………………………………………………………………….32 

2.4.3 Differences in mortality and PAI among periods ............................................ 33 

2.4.4 Cumulative mortality and cause of death ......................................................... 34 

2.4.5 Regression tree analysis of mortality and PAI versus site and stand variables 35    

    2.5 Discussion…………………………………………………………………………36 

        2.5.1 Hypothesis H1: Volume change patterns differ among stand types………….36 

        2.5.2 Hypothesis H2: Variability in mortality primarily determines PAI…………..38 

        2.5.3 Hypothesis H3: Causes of death differ among stand types……………………39 

2.6 Conclusions ............................................................................................................. 41 

2.7 Acknowledgements ................................................................................................. 42 

2.8 References ............................................................................................................... 43 

CHAPTER 3: GROWTH-MORTALITY ATTRIBUTES AND SPECIES 

COMPOSITION DETERMINES CARBON SEQUESTRATION AND DYNAMICS OF 

OLD STAND TYPES IN THE ACADIAN FOREST OF NEW BRUNSWICK, 

CANADA ......................................................................................................................... 58 



vii 

 

 

3.1 Abstract ................................................................................................................... 59 

3.2 Introduction ............................................................................................................. 60 

3.3 Methods .................................................................................................................. 63 

3.3.1 Study area......................................................................................................... 63 

3.3.2 Permanent sample plot data ............................................................................. 63 

3.3.3 Estimation of C stocks and change .................................................................. 64 

3.3.4 Model projections for carbon estimation ......................................................... 65 

3.3.5 Data analysis .................................................................................................... 66 

3.4 Results ..................................................................................................................... 67 

3.4.1 Characterization of plots as C sink, neutral and source ................................... 67 

3.4.2 Effects of growth and mortality on periodic C change .................................... 68 

3.4.3 Temporal patterns of C change among different stand types .......................... 68 

3.4.4 C storage among biomass pools and stand types ............................................. 69 

3.4.5 Simulated 100-year C projection among stand types ...................................... 70 

3.5 Discussion ............................................................................................................... 72 

3.5.1 C stock change among stand types .................................................................. 71 

3.5.2 Influence of species mix on C stocks ............................................................... 73 

3.5.3 Effect of species mix on simulated long term C sequestration ........................ 75 

3.6 Conclusions ............................................................................................................. 76 



viii 

 

3.7 Acknowledgements ................................................................................................. 77 

3.8 References ............................................................................................................... 77 

CHAPTER 4: GENERAL DISCUSSION ........................................................................ 93 

4.1 Introduction ............................................................................................................. 94 

4.2 Summary of results ................................................................................................. 95 

4.3 Integration of results ............................................................................................... 97 

4.4 Critique of methods and their limitations .............................................................. .98 

4.4.1 Inventory data inconsistencies ........................................................................ .98 

4.4.2 Lack of true representative of old forests in current study ............................. .99 

4.4.3 Climate change and disturbances impact not accounted in long term carbon    

projections ............................................................................................................... 100 

4.5 Conservation strategy and implications of old forests .......................................... 100 

4.6 References ............................................................................................................. 103 

 Vitae 

 

 

 

 

 

 

 



ix 

 

 

 

List of Tables  

Table 2.1. Stand characteristics of 602 PSPs in New Brunswick representing 12 stand  

types and mean annual increment (basal area, volume) from 1987-2007. ..... 50 

Table 3.1. Mean aboveground carbon (t ha-1) by stand type and age classes.................. 86 

 

 



x 

 

List of Figures  

Figure 2.1. Locations of 602 PSPs A) in four broad stand types, and B) in three volume 

change classes (decreasing, fluctuating, and increasing) from 1987-2007. The 

four broad stand types combine the 12 stand types used in analyses (see Table 

1 for actual stand type classes): 1) balsam fir (BF) dominated; 2) spruce (SP) 

dominated; 3) hardwood (HW) dominated; and 4) pine and other softwoods 

(OSW). Lines in B) divide the province into north, central and south spruce 

budworm outbreak regions after Royama et al. (2005). .............................. 51 

Figure 2.2. Percentage of 602 PSPs in three volume change classes (decreasing, fluctuating, 

and increasing) for each of 12 stand types. The stand types are grouped into 

three broad categories based on species dominance (HW; hardwood, MW; 

mixedwood, SW; softwood). ....................................................................... 52 

Figure 2.3. The components of periodic annual increment (PAI) by volume change class 

(decreasing, fluctuating, and increasing) for 12 stand types. PAI = IG + SG – 

MORT, where IG is ingrowth, SG is survivor growth, and MORT is mortality. 

The stand types are grouped into three broad categories based on species 

dominance (HW; hardwood, MW; mixedwood, SW; softwood). ............... 53 

Figure 2.4. Mortality and periodic annual increment (PAI) by stand type and measurement 

period from 1987-2007 for 602 permanent sample plots in New Brunswick. 

Each plot was measured every 3 years, with six measurement periods: (1) 



xi 

 

1990-1992, (2) 1993-1995, (3) 1996-1998, (4) 1999-2001, (5) 2002-2004, and 

(6) 2005-2007............................................................................................... 54 

Figure 2.5. Cumulative mortality from 1987-2007, by cause, for plots in 12 stand types and 

three volume change classes (decreasing, fluctuating, and increasing). The 

stand types are grouped into three broad categories based on species 

dominance (HW; hardwood, MW; mixedwood, SW; softwood). ............... 55 

Figure 2.6. Regression tree of variables influencing A) mortality (m3ha-1yr-1), and B) 

periodic annual increment (PAI; m3ha-1yr-1) in 602 plots in 12 stand types in 

New Brunswick. The labels above each node show the variable and its value 

selected for the split, and lengths of vertical line segments are proportional to 

reduction in deviance associated with that split. Mean mortality and PAI are 

labeled under each terminal node. New Brunswick is divided into seven 

ecoregions (NBDNR, 2003): Highlands (HL), Northern Uplands (NU), 

Central Uplands (CU), Fundy Coast (FC), Valley Lowlands (VL), Eastern 

Lowlands (EL), and Grand Lake (GL). ....................................................... 57 

Figure 3.1. Locations of 602 PSPs showing (A) three broad stand categories, and (B) three 

carbon change classes (sink >0.09 C t ha-1, neutral 0.09  to -0.09 C t ha-1, and 

source <-0.09 C t ha-1). The three broad stand categories combine the 12 stand 

types used in analyses (see Table 1 for actual stand type classes). .............. 87 

Figure 3.2. Percentage of 602 PSPs in three carbon change classes: sink (> 0.09 t C ha-1yr-

1), neutral (0.09 to -0.09 t C ha-1yr-1), and source (<-0.09  t C h-1yr-1)  based 



xii 

 

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. .................................................................................... 88 

Figure 3.3. Periodic change in carbon stock resulting from survivor growth, ingrowth, and 

mortality for 12 old forest stand types. The stand types were grouped into 

categories based on C over 20 years (source, neutral, sink) and species 

dominance (HW; hardwood, MW; mixedwood, SW; softwood). ............... 89 

Figure 3.4. Periodic carbon change by stand type and measurement period from 1987 to 

2007 for 602 permanent sample plots in New Brunswick. Each plot was 

measured every 3 years, with six measurement periods: (1) 1990-1992, (2) 

1993-1995, (3) 1996-1998, (4) 1999-2001, (5) 2002-2004, and (6) 2005-2007.

...................................................................................................................... 90 

Figure 3.5. A) Total carbon including aboveground (foliage, branches, bark, wood), 

belowground (roots), and deadwood biomass pools. B) Box plots showing 

distribution of total carbon for 12 major stand types (abbreviations defined in 

Table 1) grouped into hardwood, mixedwood, and softwood categories. ... 91 

Figure 3.6. 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 the stand type was 

simulated from the year of first measurement (1987-1989), at mean ages per 

stand type from 67 to 85 years. .................................................................... 92 



 

1 

 

                       

 

 

 

CHAPTER 1: GENERAL INTRODUCTION 

  



 

2 

 

1.1 Problem Statement 

Old forests (OFs) are dynamic and represent the shifting mosaic phase of forest 

development, marked by mature canopy processes of gap formation and recruitment from 

a developed understory. OFs structure and composition vary according to forest biome and 

the longevity of its tree species (Spies and Franklin 1996; Mosseler et al 2003a,b,c). Forest 

landscapes dominated by relatively young stands lack the structural and functional 

diversity of old forests, causing concern that managed forest landscapes may be 

ecologically lacking (Spies and Franklin 1988). OFs provide a diversity of structural forms 

containing a variety of micro-habitats not available in structurally simpler, young stands 

(Burrascano et al. 2008; Liira and Kohv 2010). OFs can also help mitigate the effects of 

global climate change as they store large quantities of carbon (C) in both vegetative matter 

and soil (Shaffer 2009). But there is also risk of loss to natural disturbances of having large 

amounts of C stored in forests.  

The Acadian Forest Region has very little intact, true old-growth forest after more 

than 300 years of forest harvesting (Mosseler et al. 2003b). Yet there is considerable 

interest in conserving OFs, which if protected will over time develop more and more of the 

characteristics of true old-growth. The importance of OFs and their global disappearance 

(FAO 2007) collectively warrant their conservation for maintaining biodiversity 

(Hendrickson 2003; Meier et al. 1996), habitat requirements of associated wildlife 

(Anonymous 2001), and C storage. 

It has been commonly accepted and a long-standing view that OFs are at or near 

equilibrium with respect to C exchange between the forest and the atmosphere (Franklin 

and De Bell 1988; Ryan et al. 1997), and assumed to be C neutral (i.e., photosynthesis is 
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balanced by respiration) (Kira and Shidei 1967; Desai 2005). However, recent studies 

suggest that OFs may be more significant C sinks than previously recognized (Keeton et 

al. 2010). Luyssaert et al. (2008) also found that old growth forests continue to accumulate 

C at an advanced age with positive net ecosystem productivity (NEP) (NEP = NPP – Rh 

(heterotrophic respiration)) (the net carbon balance of the forest including soils). Hence 

knowledge of the stand and C dynamics of OFs will help to formulate stand management 

strategies that include both biodiversity maintenance and long-term ecosystem 

productivity. 

 

 

1.2 Background  

1.2.1 Old forests 

The structural attributes of OFs include occurrence of large, old trees, multilayered 

canopy, presence of large quantities of dead wood and a diverse tree community 

(Kuuluvainen 2002; Kneeshaw and Gauthier 2003). There is greater variety of foraging 

and nesting substrate, and continuity of niches for wildlife in OFs (Wardell-Johnson and 

Williams 2000; Bekessy et al. 2009). Because of these attributes, OFs are often associated 

with biodiversity (Hendrickson 2003; Mosseler et al. 2003b), providing unique habitat and 

nutrient cycling (Ferguson and Elkie 2003). For example woodland caribou (Rangifer 

tarandus caribou) cannot thrive in an area without sufficient OF cover (Brassard and Chen 

2006).  

Several hundred years of land clearing for agriculture and timber harvesting has 

eliminated most of the OFs in the Acadian Forest Region and throughout the northeastern 

temperate forests of North America (Mosseler et al. 2003c). Forest resource inventory data 
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suggests that between 1% (Lynds and LeDuc 1995) and 5% (Anonymous 2002) of Nova 

Scotia, and perhaps less than 2-3% of New Brunswick (NB), exists as forest older than 100 

years (Mosseler et al. 2003a). The scarcity of OFs in the Acadian Forest Region indicates 

that activities will be needed to increase representation to an acceptable level (Salonius and 

Beaton 1997). Conservation of OFs may serve several policy objectives, such as protection 

of biodiversity as well as climate change mitigation, and avoiding emissions of CO2 to the 

atmosphere from harvesting. 

 

1.2.2 Carbon dynamics  

The role of OFs in sequestering C is not fully understood,  and it is  debated whether 

OFs are  sinks (i.e., sequestration from growth or regeneration exceeds losses due to 

mortality), sources (i.e., losses due to mortality exceed sequestration from growth or 

regeneration) or neutral (Desia 2005). However, modeling results from Carey et al. (2001) 

showed that observed net primary productivity (NPP) of natural subalpine OFs (even-aged 

forest composed of a single species) in the Rocky Mountains were 50% to 100% higher 

than predicted, in contrast to the assumption that OFs are C sources or neutral. OFs possess 

high biomass, and as such, store large amounts of C (Harmon et al. 1990; Luyssaert et al. 

2008), and have substantial ability to act as C sinks (Turner et al. 2000). Using eddy-

covariance and biometeorological methods, Paw et al. (2004) observed net ecosystem C 

uptake of between 1.5 and 1.9 t ha-1 yr-1 for 500 year old Douglas-fir (Pseudotsuga 

menziesii  (Mirb.) Franco) OFs in southwestern Washington, USA. A 250-year mixed 

boreal forest stand on the Siberian taiga was also determined to be a C sink during the 

growing season, sequestering 1 t C ha-1 yr-1 (Roser et al. 2002). Law et al. (2001) compared 
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C fluxes in a young (recently clear-cut old-growth forest, 14 years stand age) and an old 

ponderosa pine stand (mixed age classes, predominantly 50 and 250 years) in Oregon. The 

results showed that NPP was highest in the oldest stand (4.72 vs 3.57 g C m-2 yr-1), and 

NEP was 0.28 t C ha-1 yr-1  in the old stand (accumulating C) while the young stand was 

losing C (-32 t C ha-1 yr-1 ) due to higher heterotrophic respiration. In old temperate beech  

(Fagus grandifolia Ehrh) forest (250 years of age) net estimated C accumulation rate was 

observed at 1.64 t C ha-1 yr-1 (Tefs and Gleixner 2012). Soil C stocks for an undisturbed 

spruce and pine old forested catchment in south Norway were estimated in 1974 and 1992, 

and maximum increase in C stocks with an average of 1.10 t C ha-1 yr-1 was observed in 

organic horizons on top of rocky substrates (De Wit and Kvindesland 1999). 

Several studies have contrasting views that OFs continue to maintain a positive C 

balance. Taylor et al (2014) in 203-year chronosequence of sample stands of boreal 

mixedwood forests observed that as stands aged, NEP became negative, showing losses 

between -0.50 and -0.74 Mg C ha-1y-1, suggesting transition to a net C source. Similarly, in 

a 300-year chronosequence of 77 replicated lodgepole pine (Pinus contorta Dougl. ex Loud 

var. latifolia Engelm.) stands, Kashian et al. (2013) found NEP to decrease monotonically 

from age 12 to 250. In a 140-year chronosequence of red spruce (Picea rubens Sarg.) 

dominated forests, total site C storage increased throughout stand development in a general 

sigmoidal pattern, increasing from 94 Mg C ha–1 in the youngest age class to a maximum 

of 247 Mg C ha-1 in the 81 to 100 year old age class, then decreasing in the oldest age 

classes (Taylor et al. 2007).  
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1.2.3 Natural disturbances 

Disturbances are an intrinsic element of forest ecosystems and natural drivers of 

forest ecosystem dynamics (Franklin et al. 2002; Kuuluvainen and Aakala 2011). Natural 

disturbances strongly modulate the structure and functioning of forest ecosystems (Weber 

and Flannigan 1997; Turner 2010). Disturbances vary in frequency and intensity, and 

include fire, wind, insects, and diseases. They often play a central role in the development 

of stand structures by initiating episodic inputs of dead wood (Schoonmaker 1992; 

Sturtevant et al. 1997; Palik and Robl 1999; Chokkalingam and White 2002; Muller 2003) 

and creating canopy gaps that promote the development of complex tree size distributions 

(Spies et al. 1990; Winter et al. 2002; Zenner 2005).  

The occurrence, timing, frequency, duration, extent, and intensity of some 

disturbances is significantly affected  by local, regional, and global temperature and 

precipitation (Baker 1995; Turner et al. 1998). In recent decades, forest disturbance 

regimes are thought to have intensified in many parts of the world (Balshi et al. 2007). The 

frequency of large wildfires in western North America has increased by nearly four times 

in the period 1987-2003 compared to the average for 1970-1986 (Westerling et al. 2006). 

A similar trend is evident for wildfire, windthrow, and bark beetles (Ips sp. L.) in Europe 

(Schelhaas et al. 2003; Seidl et al. 2014). This trend is likely to continue in the future as a 

result of the climatic changes expected for the coming decades (Seidl et al. 2011; Li et al. 

2013; Reichstein et al. 2013; Seidl et al. 2014). In many areas, changes in the disturbance 

regime (i.e., in the distinctive type, size, severity, and frequency of disturbances over 

extended spatio-temporal scales) are expected to be among the most severe climate change 

impacts on forest ecosystems (Lindner et al. 2010; Turner 2010). Changing disturbance 
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regimes might thus considerably alter forest ecosystems, with potentially far-reaching 

impacts on their biological diversity and capacity to store C. 

Canadian temperate and boreal forests have been recognized as important regions 

of C storage (Keith et al. 2009; Pan et al. 2011; Stinson et al. 2011), but projected changes 

in natural disturbance regimes may affect their ability to act as sustained C sinks (Kurz et 

al. 2008; Keith et al. 2009; Metsaranta et al. 2010). Dymond et al. (2010) forecasted that 

16.7 Tg year-1 of live biomass may transfer to dead wood pool due to a mountain pine 

beetle (Dendroctonus ponderosae D.) outbreak in British Columbia. . Disturbances affect 

the distribution and quantity of C in all pools and can transfer C to the atmosphere (e.g. in 

the case of fire) (Bradford et al. 2008; Pregitzer and Euskirchen 2004). Disturbances affect 

the amount of C in the coarse woody debris and forest floor pools, causing these pools to 

shift between sources and sinks over time. The net sequestration or loss of C by forests 

after disturbance follows a pattern determined by age, site, climate, and other factors 

(Pregitzer and Euskirchen 2004). The future C balance of Canada’s forests is uncertain 

because of uncertain future impacts of natural disturbances, but the prevailing expectation 

amongst scientists and managers is that areas of Canada’s forests that are protected from 

harvesting may have an important role to play in climate change mitigation through C 

sequestration.  

 

1.3 Study Area Description 

The study area comprised all Crown (publicly-owned) forest land in New 

Brunswick, which is approximately 50% of New Brunswick’s 72,908 km2 area. I defined 

12 stand types based on species composition and previous stand stratifications used in NB: 
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(1) 17 New Brunswick Department of Natural Resources (NBDNR) (2013) old forest 

community classes; and (2) 14 stand types used by Erdle and Ward (2008). These specific 

stand types were grouped into three broad categories of hardwood (HW), mixedwood 

(MW), and softwood (SW) based on species dominance in terms of basal area, representing 

species groups that might have differing stand development patterns, in order to permit 

comparisons with other regions of the world.  

Each stand type was represented by a number of permanent sample plots (PSPs). 

The PSPs were established from 1987 to 1989, distributed across the entire province with 

the exception of some large  private and federal lands, and re-measured by the NBDNR 

and forest industry (Wang et al. 1986; Porter et al. 2001) every 3-5 years. PSP selection 

criteria were: (1) PSPs belonging to mature-overmature development classes (NBDNR 

2013), categorized based on stand age, representing the 12 major stand types, and (2) 

natural (not silviculturally treated) stands with at least two successive measurements. A 

total of 602 mature and overmature (based on age and development stage) PSPs obtained 

from NBDNR (PSP Coordinator) were selected, of which 576 were mature and 26 

overmature. Because of the small sample size of overmature plots, mature and overmature 

PSPs were pooled in all analyses. Spruce (Picea sp.)-balsam fir (Abies balsamea (L.) Mill.) 

(SPBF) and balsam fir-spruce (BFSP) PSPs were most abundant at 231 and 150, 

respectively. Number of PSPs of other stand types included 44 tolerant hardwood (TH) 

plots, 32 tolerant hardwood-spruce (THSP) and 33 spruce-tolerant hardwoods (SPTH).  

 

1.4 Research Goal and Objectives 

The goal of my research was to analyze stand and C dynamics of 12 mature and 
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overmature stand types in the Acadian Forest of eastern North America. Because true old 

growth forests are very rare in this area, due to harvesting over the last 300 years (Mosseler 

et al. 2003b), I chose to study plots categorized by the NBDNR as ‘mature and overmature’ 

stages. These presumably will develop into old-growth forest, given sufficient time. Data 

from 602 PSPs representing 12 stand types were used to address the following two main 

objectives: 

Objective 1: to quantify the tree growth and mortality patterns of older stands 

influenced by species and hardwood-softwood mix. Plots were grouped based on stand 

type and volume development pattern over 20 years of measurement (decreasing, 

fluctuating, and increasing net volume change classes). The repeatedly measured data for 

the 602 PSPs, measured at 3-5 year intervals for 20 years, were used to test three 

hypotheses:  

H1 - Proportion of plots per stand type in decreasing, fluctuating, and increasing volume 

change classes will differ between stand types as determined by the balance between tree 

mortality, survivor growth, and  ingrowth. Therefore, balsam fir dominated stand types in 

MW and SW, with mortality > survivor growth + ingrowth, will have a higher proportion 

of decreasing plots than HW.  

H2 - Tree mortality among stand types will contribute to differences in periodic annual 

increment (PAI; the net volume increment of merchantable trees; i.e. survivor growth + 

ingrowth - mortality), while survivor growth and ingrowth differ little among stand types. 

The MW and SW (dominated by balsam fir) stand types, given short longevity and 

vulnerability to spruce budworm (Choristoneura fumiferana Clem.) and windthrow (Erdle 

and MacLean, 1999), will have the highest mortality and lowest PAI.  
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H3 - Cumulative mortality and cause of tree death will vary among stand types. Given that 

the last spruce budworm outbreak in the region ended in 1993, and that elevated windthrow 

has been observed in fir-spruce forests for up to 15 years after the budworm outbreak 

(Taylor and MacLean, 2009), wind-related causes of tree death will be highest in balsam 

fir and spruce stand types. 

 Objective 2: to determine C dynamics in PSPs representing 12 old forest stand types 

in the Acadian forest of North America, by 1) calculating C stock changes over 20 years 

(from 1987-2007) and categorizing PSPs in each stand type as either a sink, neutral, or 

source of C; 2) determining the effects of species composition and growth-mortality 

balance on C dynamics; and 3) simulating effects of species composition on long term C 

sequestration potential using the forest growth model OSM (Open Stand Model).   

Limited information is available regarding C sequestration and dynamics of old 

stand types. This study may help to identify suitable stand types for promoting and 

maximizing long term on-site C sequestration by conserving old stands under the present 

threat of natural disturbances and future impact of climate change. 

 

1.5 Thesis Structure 

This thesis is composed of four chapters. Chapters 2 and 3 are research chapters, 

one of which has been published in a peer-reviewed journal. I am first author on both 

articles, and directed all aspects of the research design, data analysis and synthesis. The 

two research chapters relate directly to the two main objectives outlined above.  

Following this introduction (Chapter 1), other chapters include Chapter 2, Effects 
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of species and hardwood-softwood mix on the balance of growth and mortality in old 

stands in New Brunswick, Canada; and Chapter 3, Growth-mortality attributes and species 

composition determines carbon sequestration and dynamics of old stand types in the 

Acadian Forest of New Brunswick, Canada. Chapter 4 summarizes the main conclusions 

of the project, provides recommendations, identifies limitations, and suggests further scope 

of advanced study as well as inter-relates results from Chapters 2 and 3.  

 

 

1.6 Application 

This study will contribute to science by addressing the lack of data on an important but 

poorly understood phase of forest development in old stands. It is essential to understand the 

dynamics of biomass accumulation of forests as they largely determine whether the terrestrial 

biosphere is a source or sink of atmospheric C dioxide, which has implications for the global 

C cycle (Gower 2003; Neilson et al. 2006). Data on mortality rates and possibility of decline, 

for a given stand type, will help forest managers or policy makers to prioritize conservation of 

non-declining stands that are well-suited for protection to develop into old growth forests 

and achieve long-term sequestration of on-site C. Faster declining stands, with tendencies 

to act as C sources, are more suitable for shorter rotations to pre-empt mortality and to fulfill 

the growing demands of wood supply. 
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CHAPTER 2: EFFECTS OF SPECIES AND HARDWOOD-SOFTWOOD MIX ON 

THE BALANCE OF GROWTH AND MORTALITY IN OLD STANDS IN NEW 

BRUNSWICK, CANADA 
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2.1 Abstract 

Growth and mortality patterns influencing dynamics of older stands were studied in 602 

‘mature-overmature’ (mean age 84-108 years) permanent sample plots (PSPs) representing 

12 stand types categorized as hardwood (HW), mixedwood (MW) and softwood (SW) in 

New Brunswick, Canada. Plots were grouped based on stand type and volume development 

pattern over 20 years (decreasing, fluctuating, and increasing net volume change classes). 

Among all PSPs, 58% increased in volume from 1987-2007, 17% decreased, and 25% had 

fluctuating (variable patterns over time) volume change. Percentage of plots with 

decreasing volume over the 20-year period averaged 7-8% for HW and MW, versus 17% 

for SW. Poor site spruce (Picea sp.) and balsam fir (Abies balsamea (L.) Mill.)-spruce had 

the highest decreasing volume plots at 30% and 28 % respectively. Mortality averaged 7.5, 

4.4, and 2.2 m3ha-1yr-1for decreasing, fluctuating, and increasing volume change classes, 

respectively. Stands dominated by balsam fir in the decreasing volume change class 

sustained cumulative mortality of 118-134 m3ha-1 over 20 years due to short longevity, 

vulnerability to insect disturbance, in comparison with only 10-40 m3ha-1 of mortality in 

increasing volume change plots. Windthrow caused 56% of tree mortality. Increment of 

surviving trees was relatively constant among stand types and volume change classes, 

ranging from 2.0-6.1 m3ha-1yr-1. Regression tree analyses showed that % basal area of 

balsam fir, ecoregion, and quadratic mean diameter were the most influential variables 

determining mortality and periodic annual increment. More than half of the PSPs in 11 of 

the 12 stand types had increasing volume over the 20-year period, but mortality exceeded 

increment in older balsam fir dominated MW and SW stands. Results show that balsam fir 

and spruce species abundance were more important than broad stand types (HW, MW, 
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SW) in determining stand dynamics, and indicate the carbon sequestration potential of 

older stands of different stand types. 

Keywords: stand dynamics, permanent sample plots, periodic annual increment, mortality 

causes, windthrow 
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2.2 Introduction 

Forests are dynamic ecosystems wherein the balance of carbon, energy, and 

nutrients is largely determined by the balance between growth on surviving trees, 

recruitment, and tree mortality (Oliver and Larson, 1990; Wirth et al. 2009). Empirical data 

on growth and mortality from long time-series of stand structure measurements is available 

from monitoring of permanent sample plots (PSPs). Such data are essential to understand 

processes involved in the establishment and decline of forest stands, succession, and 

projection of a variety of stand values such as timber volume, carbon, or wildlife habitat 

(Bowman et al. 2013).  

Volume accretion in forest stands typically increases rapidly from young to middle 

age, then plateaus and remains level during a protracted period of middle age, and finally 

declines during old age (Binkley et al. 2002; Xu et al. 2012). Patterns of stand development 

and longevity are influenced by species and by the deciduous-coniferous species mix in 

stands. Hereafter, we will term this the hardwood-softwood mix, differentiating between 

hardwood (HW), mixed hardwood-softwood (MW), and softwood (SW) stand types 

typical of boreal and temperate forests. For example, balsam fir (Abies balsamea (L.) Mill.) 

is a short-lived SW species that is susceptible to insects and windthrow, with volume 

decline in balsam fir-spruce (Picea sp.) (BFSP) PSPs beginning at age 70 years versus age 

120 years in spruce-balsam fir (SPBF) PSPs (Taylor and MacLean2009). Net primary 

productivity of SW lodgepole pine (Pinus contorta Douglas), a relatively long-lived 

species, declined from 0.47 kg C m2year-1 at 40 years to 0.25 kg C m2year-1 at 245 years 

(Murty et al. 1996). Also for forests in the Great Smoky Mountains, Busing et al. (1993) 

reported that above ground net primary productivity decreased from 12.2 Mg ha-lyr-I for 
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young (42-63-yr-old) HW stands to 8.3 Mg ha-lyr-I for old-growth HW stands. Such a 

decline in productivity with age was earlier attributed to increasing amounts of respiring 

sapwood tissue exceeding the rate of photosynthesis (Yoda et al. 1965), but this was refuted 

(Murty and McMurtrie, 2000; Ryan et al. 2004). Several tree-level ecophysiological 

alternatives to the respiration hypothesis were proposed by Ryan et al. (1997) and Ryan 

and Waring (1992), including higher rates of mortality with age. Decline in volume of old 

forests is caused by mortality exceeding recruitment and growth on surviving trees 

(Franklin et al. 1987). Survivor growth is typically relatively constant by the mature stage, 

so higher mortality with age largely determines rates of stand decline (Porter et al. 2001; 

Taylor and MacLean, 2005).  

Disturbance causing tree mortality is a fundamental driver of forest ecosystems and 

often determines stand structure (Hanson and Lorimer, 2007; McCarthy and Weetman, 

2007) and species composition (Rich et al. 2007). Tree mortality plays a major role in the 

distinctive structure of old forests, contributing deadwood and to gap dynamics, 

influencing availability of light, nutrients, and habitat (Nascimbene et al. 2009). 

Disturbances vary widely in intensity, from catastrophic stand replacing to minor gap 

creating processes (Seymour et al. 2002). Disturbances include competition, pathogen and 

insect attack, mechanical failure, climate-induced environmental stress, and localized 

edaphic constraints (Franklin et al. 1987; Waring, 1987). Competition typically ceases to 

be the primary driver of mortality in old forests, and pathogen, insect attacks, and 

predisposition to wind-related mortality (windthrow and stem breakage) cause tree 

mortality (Taylor and MacLean, 2009).  In old conifer forests, 33-46% of mortality was 

caused by wind related causes (Franklin et al. 1987). In the decade following a variable 
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retention, natural disturbance emulation harvest treatment, windthrow resulted mortality 

was considerably higher for SW (balsam fir-spruce) at 39-55% than HW trees (maximum 

windthrow of 7-13%, depending upon species) (Wilson and MacLean, 2015). The rate and 

pattern of mortality varies among stand types due to differences in silvics, environmental 

factors, stand dynamics, and disturbances. For example, balsam fir-hardwood types had 

four to five times higher cumulative mortality than spruce-hardwood  (Colford-Gilks et al. 

2012).  

Our goal was to analyze growth and mortality dynamics of older stands of 12 forest 

types in the Acadian forest of eastern North America. Because true old growth forests are 

very rare in this area, due to harvesting over the last 300 years (Mosseler et al. 2003a; 

Mosseler et al. 2003b), we chose to study plots categorized by the New Brunswick 

Department of Natural Resources (NBDNR) based on age and development stage as 

‘mature and overmature’ stages. These presumably will develop into old-growth forest, 

given sufficient time. We used repeat-measurement data for 602 PSPs measured at 3 year 

intervals for 20 years (Porter et al. 2001). We analyzed these data to test three hypotheses: 

H1 - Proportion of plots per stand type in decreasing, fluctuating, and increasing volume 

change classes will differ between stand types as determined by the balance between 

mortality and survivor growth plus ingrowth. Therefore, balsam fir dominated stand types 

in MW and SW, with mortality > survivor growth + ingrowth, will have a higher proportion 

of decreasing plots than HW. H2 - Differences in mortality among stand types will 

determine periodic annual increment (PAI; the net volume increment of merchantable 

trees; i.e. survivor growth + ingrowth - mortality), while survivor growth and ingrowth 

differs little among stand types. The MW and SW (dominated by balsam fir) stand types, 
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given short longevity and vulnerability to spruce budworm (Choristoneura fumiferana 

Clem.) and windthrow (Erdle and MacLean, 1999), will have the highest mortality and 

lowest PAI. H3 - Cumulative mortality and cause of tree death varies among stand types. 

Given that the last spruce budworm outbreak in the region ended in 1993, and that elevated 

windthrow has been observed in fir-spruce for up to 15 years after a budworm outbreak 

(Taylor and MacLean, 2009), wind-related causes of tree death will be highest in balsam 

fir and spruce stand types. Although previous studies have studied dynamics of balsam fir 

and spruce stand types in the Acadian forest (Colford-Gilks et al. 2012) little information 

exists on HW,  MW, and other SW species in the region. 

 

2.3 Methods  

2.3.1 Study area  

New Brunswick (NB) is over 80% forested, with approximately one-half (3.4 

million ha) publicly owned (Crown Land). Crown forest is spread across the province, but 

much of it lies in large, consolidated blocks in the central, north central and northwest 

regions. Another 3.2 million ha of forest in NB is either industrial freehold land or private 

woodlots. NB is in the North Temperate Zone receiving approximately 1100 mm of 

precipitation annually, with 20 to 33% falling as snow from December to April and the 

average frost-free season about 125 days (Phillips, 1990). Forest in NB contains a wide 

diversity of vegetation, including 39 species of native trees (NBDNR, 2003). In terms of 

total standing volume, forests in NB consist of 31% spruce, 19% balsam fir, 8% sugar 

maple (Acer saccharum Marsh.), 8% red maple (Acer rubrum L.), 7% eastern white-cedar 
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(Thuja occidentalis L.), 7% poplar (Populus spp.), 5% white birch (Betula papyrifera 

Marsh.), 5% yellow birch (Betula alleghaniensis Britt.), 4% pine (Pinus spp.), 3% 

American beech (Fagus grandifolia Ehrh.), 2% other softwood, and 1% other HW species 

(NBDNR, 2003). 

The study area comprised Crown (publicly-owned) forest land. We defined 12 

stand types grouped into three broad categories of HW, MW, and SW based on species 

dominance (Table 2.1) to represent species groups that might have differing stand 

development patterns. These were based on previous stand stratifications used in NB: 1) 

17 NBDNR (2013) old forest community classes; 2) 14 stand types used by Erdle and Ward 

(2008); 3) separating some classes into balsam fir versus spruce subsets (e.g., tolerant 

hardwood-balsam fir versus tolerant hardwood-spruce), because of their differing stand 

development patterns (Amos-Binks et al. 2010; Colford-Gilks et al. 2012); and 4) 

combining several uncommon types with few PSPs (e.g., red pine (Pinus resinosa Aiton.) 

and white pine (Pinus strobus L.) with only 4,700 ha and 11,200 ha, respectively, occurring 

in NB, and jack pine (Pinus banksiana L.); collectively only 8 PSPs).  

 

2.3.2 Permanent sample plot data  

Plot selection criteria were: (1) PSPs belonging to mature-overmature development 

classes representing the 12 major stand types, and (2) natural (not silviculturally treated) 

stands with at least two successive measurements. Like most forests in the region, plots 

were harvested in the past (at least 85-100 years ago) and were not thinned or fertilized. A 

total of 602 mature and overmature PSPs (categorized by NBDNR based on stand age) 

obtained from NBDNR (PSP Coordinator) were selected, of which 576 were mature and 
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26 overmature. Because of the small sample size of overmature plots, we pooled mature 

and overmature PSPs in all analyses. SPBF and BFSP PSPs were most abundant at 231 

and 150, respectively. Number of PSPs of other stand types included 44 tolerant hardwood 

(TH) plots, 32 tolerant hardwood-spruce (THSP) and 33 spruce-tolerant hardwoods 

(SPTH) (Fig. 2.1A). 

The PSPs were established from 1987-1989, distributed across the entire province 

with the exception of some large freehold blocks and federal lands, and re-measured by the 

NBDNR and forest industry (Wang et al. 1986; Porter et al. 2001). Plots consisted of one 

400-m2 11.2 m radius circular plot, with species, age-class, height, and diameter at breast 

height (DBH) recorded for all live trees >5.1 cm DBH except for non-merchantable alder 

(Alnus 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. For trees that had died since the last measurement, death was attributed 

to one of eight causes: windthrow, broken top, stem breakage, stem wounds, insects, 

suppression, over maturity, and other/ unknown. Further details of plot establishment and 

methods can be found in Porter et al. (2001).  

 

2.3.3 Data analyses 

Data analyses were based on six 3-5 year measurement periods from 1987-2007 for 

each PSP. Sample sizes and mean characteristics for each stand type are summarized in 

Table 2.1. Data selection and extraction were performed in the PSP Database using 

Microsoft Access (Porter et al. 2001). Total volume, periodic survivor growth (SG), 

ingrowth (IG; trees growing into the smallest inventoried size class), mortality (MORT), 
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were calculated for each plot and measurement period, and averaged by stand type. PAI 

was calculated as: 

                                MORTSGIGPAI                                    [1]  

Volume of each PSP was graphed versus age over all measurement periods, and the pattern 

of volume development of each PSP was categorised based on a visual assessment for all 

measurement periods into one of three volume change classes -increasing, decreasing, or 

fluctuating. 

Repeated measures ANOVA was used to assess differences in periodic MORT and 

PAI among stand types, where repeated measures account for correlated data among 

periods. Tukey’s post-hoc tests for differences among stand types was used to generate 

95% simultaneous confidence intervals for pairwise comparisons. Chi-square contingency 

tables were used to analyse plot frequency distributions by volume-change pattern for 

associations between volume change class and stand types. If the critical χ2 value was 

exceeded, then the null hypothesis that there was no association between classes was 

rejected. General linear models (ANOVAs) were used to assess differences in mortality 

rates between stand types, volume change classes, and causes of mortality. Repeated-

measures ANOVA, χ2, and ANOVA were performed using Minitab® release 17 for 

Windows (Minitab, Inc., State College, PA). Effects of site and stand variables on MORT 

and PAI were analysed in regression trees, using the tree( ) functions in R (R Developement 

Core Team, 2013). A cartographic depth-to-water index (Murphy et al. 2009) provided an 

additional indicator of site growing conditions and productivity. This is based upon water 

flow and accumulation in response to gravitational gradients, and uses a digital elevation 

model to approximate elevation differences between landscape cells and to assign surface 
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water depth to cells. Depth-to-water at each PSP was determined from a map layer of wet 

areas and flow channels throughout New Brunswick (Murphy et al. 2009). Data and R code 

used in all analyses are available upon request to the authors. 

 

2.4 Results 

2.4.1 Net volume change patterns by stand type 

  There was significant association between the percentage of plots per stand type 

and volume change category (χ2 = 58.23, df = 22, P < 0.001). Among all PSPs, 58% 

increased in volume from 1987-2007, 17% decreased, and 25% had fluctuating (variable 

patterns over time) volume change (Fig. 2.2). HW dominated stand types had < 20 % of 

plots with decreasing volume over the 20-year period: TH 18%, THSP 9%, THBF 0, and 

IH-BFSP 4%. Three MW stand types (SPTH, BFTH, BFSP-IH) had 0-13% decreasing 

plots, while SW stand types had the most decreasing volume plots ranging from 0 % for 

PINE to 30% for PSSP (poor site spruce). Decreasing plots averaged 7%, 8%, and 17% for 

HW, MW, and SW, respectively. Percentage of plots in HW stand types with increasing 

volume from 1987-2007 ranged from 41% for TH to 65% for IH-BFSP, while in MW and 

SW dominated stand types, the plots with increasing volume varied from 50 to 79 % and 

47 to 91% respectively. Balsam fir and spruce SW stand types had 47% and 65% of plots 

with increasing volume. Among all stand types proportions of plots with fluctuating 

volume change patterns ranged from 0% for OSW (SW) to 41% in TH (HW).  All HW 

dominated stand types had more than 30% plots with fluctuating volume change patterns, 

while SW and MW stand types had 0 to 37% fluctuating plots.  
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2.4.2 Differences in mortality and PAI among stand types and volume change classes  

Tree mortality was variable and had the dominant influence on stand dynamics, 

determining whether PAI was positive or negative in each stand type. SG and IG remained 

relatively constant among stand types and volume change classes, with mean SG ranging 

from 2.0-6.1 m3ha-1yr-1 and IG averaging only 0.27 m3ha-1yr-1 in all plots. Mortality differed 

among both stand types and volume change classes. Mortality for all stand types averaged 

7.5, 4.4, and 2.2 m3ha-1yr-1 for decreasing, fluctuating, and increasing volume change 

classes, respectively (Fig. 2.3).  

HW dominated stand types in the decreasing volume change class had the lowest 

mortality at 5.3-5.9 m3ha-1yr-1, while it was higher at 9.2-10 m3ha-1yr-1 for MW and 4.6-

9.5 m3ha-1yr-1 for SW stand types. For fluctuating volume change plots mortality varied 

from 3-5.8 for HW, 4.1-4.8 for MW and 1.7-5 m3ha-1yr-1 for SW. While average mortality 

in the increasing volume change class varied from 1.3 m3ha-1yr-1 (THSP; HW) to 3.3 m3ha-

1yr-1 (BFSP; SW).  

Mean PAI was -3.3, -0.2, and 3.3 m3ha-1yr-1 for decreasing, fluctuating, and 

increasing volume change classes, respectively. In decreasing volume change class five 

MW and SW stand types had the most negative PAI of -3.4 to -5.5 m3ha-1yr-1 (but only -

1.9 m3ha-1yr for PSSP; SW), whereas the PAI in HW dominated stand types was -0.4 to -

2.2 m3ha-1yr-1. The PAI was < 1 m3ha-1yr-1 for HW, MW, and SW in fluctuating volume 

change plots (-1.2 m3ha-1yr for Pine; SW).  The most positive PAI (2.2 to 5.0 m3ha-1yr-1) 

occurred for all increasing-stand type categories; mean PAI was highest for MW (4.4 m3ha-

1yr), followed by HW (3.2 m3ha-1yr-1) and SW (2.6 m3ha-1yr-1). Overall, PAI was < -1.1 
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m3ha-1yr-1 for 21% of plots, from -1.0 to +1.0 m3ha-1yr-1 for  22% of plots, and > 1.0 m3ha-

1yr-1 for 57% of plots.  

 

2.4.3 Differences in mortality and PAI among periods 

MORT of three stand types (TH, THSP and PSSP) increased over time (periods 1 

to 5) by3.1-3.6 m3ha-1yr-1(Fig. 2.4). MORT also increased by 2.5-6.3 m3ha-1yr-1 from 

measurement periods 1 to 3 in four stand types (IH-BFSP, BFSP, BFSP-IH, and SPBF). In 

other stand types, mortality was variable. MORT varied significantly among stand types 

(F[11] =3.5, P < 0.001), with a significant stand type × time interaction (F[44] =1.6, P < 

0.001). Among stand types, mean MORT was highest at 4.1-5.4 m3ha-1yr-1 for balsam fir 

dominated SW (BFSP and BFTH), lowest at 1.8-2.5 m3ha-1yr-1 for SPTH (MW), OSW and 

PSSP (SW), and intermediate (3.0-3.9 m3ha-1yr-1) for the remaining seven stand types. 

Post-hoc analysis revealed that MORT differed significantly in 11 pairwise stand type 

comparisons: BFSP > TH, THSP, IH-BFSP, SPBF, SPTH, PSSP, OSW; and BFTH > 

SPTH, PSSP, SPBF, OSW.  

PAI also differed significantly between stand types (F[11] = 4.0, P < 0.001), but the 

stand type × time interaction was not significant. BFSP was the only stand type with 

negative PAI (-0.3 to -0.9 m3ha-1yr-1 for periods 2, 3, and 5), and it had the lowest mean 

PAI at -0.4 m3ha-1yr-1. Other stand types with negative PAI were TH and PSSP (in period 

5), BFTH and IH-BFSP period 3), and Pine (period 2). Mean PAI was 0.6-0.8 m3ha-1yr-1 

for TH, BFTH, and PSSP stand types; 1.1-2.2 m3ha-1yr-1 for six stand types; and was 

highest at 2.8-2.9 m3ha-1yr-1 for SPTH and OSW stand types. A total of 13 pairwise 

comparisons of PAI were significantly different: BFSP < THBF, IH-BFSP, BFSP-IH; 
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SPTH > BFSP, TH, BFTH, PSSP, SPBF; and OSW > BFSP, TH, BFTH, PSSP, SPBF. 

 

2.4.4 Cumulative mortality and cause of death  

Cumulative mortality from 1987-2007 differed significantly among stand types 

(F[11] = 3.76, P < 0.001), among volume change classes (F[2] = 103.4, P < 0.001), and among 

causes of mortality (F[8] = 59.6, P < 0.001). Cumulative mortality in decreasing volume 

change classes, combining all stand types, averaged 86 m3ha-1, more than three times the 

level of mortality in increasing volume change plots (26 m3ha-1). Cumulative mortality was 

highest, at 118-134 m3ha-1, for decreasing balsam fir dominated MW (BFTH, BFSP-IH) 

and SW (BFSP) plots (Fig. 2.5). For HW dominated decreasing volume plots cumulative 

mortality ranged from 73-86 m3ha-1, whereas it was lowest at 27 m3ha-1 and 58 m3ha-1 for 

PSSP and OSW (SW) stand types. In increasing volume change classes, cumulative 

mortality differed little with stand type, ranging from 21-31 m3ha-1, 22-32 m3ha-1 and 10-

40 m3ha-1 for HW, MW and SW, respectively. For fluctuating volume change classes, 

cumulative mortality ranged from 12-71 m3ha-1, with maximum mortality for HW 

dominated (THSP) and lowest for SW (PSSP) stand types. Wind associated causes of death 

(windthrow, broken top, and stem breakage) caused mean mortality of 35 and 38 m3ha-1 

for HW and SW decreasing volume change classes, respectively. The decreasing MW 

stand types dominated by balsam fir had the highest mean mortality of 101 m3ha-1. In 

increasing HW, MW and SW stand types wind related mean mortality remained low, 

between 12-13 m3ha-1. Unknown/other causes of mortality were second highest at 18 m3ha-

1 and 4 m3ha-1 in decreasing and increasing plots, respectively.  

Cumulative 20-year mortality totaled 54% and 14% of the initial volume for 
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decreasing and increasing volume change classes, respectively (Fig. 2.5). Wind associated 

causes accounted for 56% of mortality for all plots combined, followed by unknown/other 

causes at 18%. In the decreasing volume classes, cumulative mortality was 70-83% in 

balsam fir-dominated MW and SW stand types (BFTH, BFSP-IH, BFSP), mainly driven 

by wind associated causes. 

 

2.4.5 Regression tree analysis of mortality and PAI versus site and stand variables 

Regression trees fitted for MORT (Fig. 2.6A) and PAI (Fig. 2.6B) by stand type 

explained 40% and 34% of the total deviance, respectively. Mortality of the 11 regression 

tree-defined classes ranged from 2.2-18.0 m3ha-1yr-1 (Fig. 2.6A). Balsam fir basal area 

(>26.4 %), ecoregion, and quadratic mean diameter (QMD; >24.2 cm) had the greatest 

influence on MORT for balsam fir dominated stands.  On the extreme right of the 

regression tree, BFSP stands had the highest rate of mortality at 18 m3ha-1yr-1. Elevation 

(>218 m), depth to water table (DWT; >1055 cm), and volume (>217 m3ha-1) were the 

other variables that determined mortality.  

The main variables determining PAI were ecoregion, stand type, % balsam fir basal 

area and QMD (Fig. 2.6B). Ecoregion was the first regression tree split, with PAI of -0.2 

to 3.9 m3ha-1yr-1 for plots in four ecoregions (right side of regression tree; ecoregions 

defined in Fig. 2.6) with age> 78 years and SPBA> 78 %. In the other three ecoregions (on 

the left side of the regression tree), five stand types (OSW, PINE, THBF, SPTH, and IH-

BFSP) had PAI of 2.3 m3ha-1yr-1. For other stand types, PAI varied from 0.1 to -11.1 m3ha-

1yr-1 (extreme left of PAI regression tree) when QMD >18 cm. Other variables such as 

elevation and balsam fir basal area also had significant effects in determining PAI.  
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2.5 Discussion 

2.5.1 Hypothesis H1: Volume change patterns differ among stand types 

Our hypothesis that volume change patterns differ among stand types was met. 

Maximum decreasing volume occurred in balsam fir and spruce dominated stands of SW, 

but tolerant hardwoods from HW dominated stand types also had a high proportion of plots 

with decreasing volume (Table 2.1).  

Understanding how and why productivity dynamically changes in different forest 

types is necessary to predict future change (Tang et al. 2014). Decline of forest productivity 

has received increasing attention in recent decades because of its potential for affecting 

both global carbon budgets and sustainable forest management (Ryan et al. 2004; Zaehle 

et al. 2006). Overall in this study, 17% of plots in 12 stand types in the Acadian forest had 

decreasing volume over 20 years from 1987-2007. In comparison, Taylor and MacLean 

(2005) studied 585 balsam fir and spruce plots in the same area and found that 29% had 

decreasing volume from 1987-1998 due to high mortality. HW dominated stand types 

clearly sustained less mortality and had more positive volume increment than balsam fir 

dominated MW and SW stands. In the Northeast region of the USA, higher disturbance 

rates were reported in SW forests (pine, spruce, and fir forest types) compared to that for 

HW forests (e.g. oak (Quercus sp.) and hickory (Carya sp.)) (Smith et al. 2009). Stand 

types have differing rates of productivity caused by factors such as species composition, 

climate, soil, drainage, age, susceptibility to diseases and pests, and location (Pregitzer and 

Euskirchen 2004; Wang et al. 2011). MW and SW stand types dominated by balsam fir 

had high mortality and a higher proportion of plots with decreasing volume change. In our 
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analysis, species (i.e. dominance by balsam fir) had more effect on stand dynamics than 

did stand category (HW, MW, SW). 

Stands with high mortality and declining volume may have ecological benefits 

related to increased standing and downed deadwood, habitat conditions for some taxa, and 

regeneration in canopy gaps (Wirth et al. 2009). But they also potentially increase the 

capacity for forests to become sources of carbon, compared to carbon sinks in stands with 

increasing volume. Our analysis revealed that, over this 20-year measurement period, PAI 

for MW and HW remained positive for all stand types and therefore would act as carbon 

sinks, especially the THBF, IH-BFSP, SPTH, and BFSP-IH, which had increments of >2 

m3ha-1yr-1 at mean ages of 87-105 years. These stand types are most suitable for carbon 

sequestration as old growth forest ecosystems in protected natural areas whereas shorter-

lived balsam fir dominated stand type BFSP (SW) had negative PAI at older ages, and 

hence can better be managed in shorter rotations to fulfill the growing demands of wood 

supply. In this study 58% of the PSPs with a mean age ranging from 84 to 108 years still 

maintained positive volume change ranging from 0.6-2.9 m3ha-1yr-1. Seven of the 12 stand 

types had volume change of >1.5 m3ha-1yr-1 (THSP, THBF, SPTH, OSW, Pine, BFSP-IH, 

IH-BFSP), highlighting the fact that the most of the stand types except BFSP contribute 

sink strength to the overall terrestrial carbon cycle.   

Location of plots had a significant effect on volume change class that was related 

to disturbance history. Plots with decreasing volume were primarily located in northern 

New Brunswick (n=75), compared to central (n=38) or southern (n=2) New Brunswick 

(Fig. 2.1B). These differences likely reflect differences in management responses to past 

spruce budworm outbreaks, which occurred in northern New Brunswick in the 1950s and 
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in both northern and southern New Brunswick in the 1970s-1980s (Royama et al. 2005). 

Spruce budworm insecticide spray policy in New Brunswick changed in 1977, increasing 

the non-spray zone in proximity to human habitation and removing much of southern New 

Brunswick from insecticide protection (MacLean et al. 1984). This resulted in high spruce-

budworm-caused MORT in fir dominated stands in southern New Brunswick, but 

continued insecticide protection and low MORT in the north (Varty and Godin, 1983). 

Therefore by 1987, most balsam fir dominated stands in southern New Brunswick were 

either dead or regenerating and only two mature or overmature balsam fir dominated PSPs 

were sampled in this region. Taylor and MacLean (2005) also found that 79% and 73% of 

BFSP and SPBF decreasing volume plots occurred in northern ecoregions. The aggressive 

northern New Brunswick budworm insecticide spray programs in the 1970s-1980s 

essentially kept stands alive, but they subsequently began to succumb to wind-related 

mortality in the 1987-2007 period (MacKinnon and MacLean, 2004; Taylor and MacLean, 

2009). 

 

2.5.2 Hypothesis H2: Variability in mortality primarily determines PAI  

Results supported our hypothesis that tree MORT was the main determinant of PAI 

in older stand types. MW (BFTH and BFSP-IH) had the highest mean mortality of 4.9m3 

ha-1 yr-1, followed by SW (4.1 m3ha-1 yr-1) and HW (4 m3ha-1 yr-1). Balsam fir dominated 

stand types in MW and SW (BFSP; 5.9 m3ha-1 yr-1) had the highest mortality resulting in a 

high proportion of plots with decreasing volume change patterns. In contrast, Brown and 

Schroeder (1999) observed mortality of HW ranging from 0 to 15 Mg3ha-1yr-1 with an 

average of 1.1 Mg3ha-1yr-1compared to SW at 0.7 Mg3ha-1yr-1, with a range of 0-10 Mg3ha-
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1yr-1. BFSP was the only stand type with negative PAI, resulting from MORT exceeding 

SG + IG. Because balsam fir dominated stands in SW and MW are subject to early MORT 

and windthrow related to past stand opening from partial budworm damage (Taylor and 

MacLean, 2005), they are poor candidates for long-term ecosystem carbon sequestration. 

Regression tree analysis predicted that mortality increased with % balsam fir basal area. 

Over the 20-year measurement period, balsam fir dominated stands had cumulative 

mortality of 78-89% of the initial merchantable volume. Balsam fir is shorter lived than 

spruce and tolerant hardwoods, with natural and earlier stand decline (Erdle and MacLean, 

1999; Campbell et al. 2008), whereas spruce and tolerant hardwood stands have more 

stable volumes. Therefore we conclude that MW and SW stand types with lower 

proportions of balsam fir and higher spruce are less susceptible to spruce budworm attacks 

(including legacy effects such as windthrow) and more stable over time (Amos-Binks et 

al. 2010), and therefore are more appropriate stand types if the goal is maintaining old-

growth characteristics and in-situ carbon storage. 

 

2.5.3 Hypothesis H3: Causes of death differ among stand types  

Natural disturbances such as insect outbreaks affect species differently and result 

in differing post-disturbance conditions. The rate of mortality within a stand during a 

spruce budworm outbreak is related to the species composition and stand age (Nealis and 

Régnière, 2004). We normally think of direct effects of such disturbances, such as the mean 

87% balsam fir mortality caused by a severe spruce budworm outbreak without insecticide 

protection (MacLean and Ostaff, 1989). However, there are also more subtle and 

interactive effects of disturbances, even if insecticides are used to prevent widespread 
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direct tree mortality. These include relatively short-term (15 year) increased post-outbreak 

wind-related mortality (Taylor and MacLean, 2009), but also ramifications of early stand 

breakup (high mortality) in balsam fir dominated MW and SW stands that are only present 

on the landscape because of past insecticide protection but that have short longevity. Wind 

associated causes of death (windthrow, broken top, and stem breakage) for all stand types 

was 56%, and averaged 59%, 57%, and 49% in decreasing, fluctuating, and increasing 

volume change classes, respectively. Taylor and MacLean (2005) observed that wind-

related mortality accounted for 47% of dead balsam fir in BFSP plots and 56% of dead 

spruce in SPBF plots; Colford-Gilks et al. (2012) attributed 40% to 100% of balsam fir–

spruce death in fir dominated MW plots to windthrow; whereas in our study, 51% balsam 

fir mortality was observed in fir-dominated MW and SW stand types. HW (hickory and 

sugar maple (Acer saccharum Marsh.)) tend to possess deep rooting and strong wood 

resulting in high wind firmness as compared to SW. Therefore species-specific traits 

(silvics) are more important to explain ecological phenomena (e.g. wind-firmness) than 

broad groupings of species such as HW, MW, SW (Nolet et al. 2008). The results suggest 

that stand development was mainly driven by interactive disturbance-induced mortality by 

insects, disease and windthrow, and that even with aggressive insecticide application to 

prevent widespread stand-replacing spruce budworm-caused mortality, the most 

vulnerable balsam fir dominated stands sustained high mortality after rather than during 

outbreaks. 

Balsam fir becomes susceptible to a variety of environmental stresses, notably 

wind, as it approaches maturity at 60 years (Sprugel, 1976). Ruel (2000) observed that 

vulnerability of balsam fir to windthrow increased with age from 36% for 50-year-old 
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stands to 55% for 90-year-old stands. Defoliation reduces growth of balsam fir and spruce 

by up to 90% (MacLean, 1980), and has long-term effects on rate of stand break-up as well 

as creating conditions more susceptible to blow down (Morin, 1994). In addition, surviving 

trees are more susceptible to Armillaria root rot (Ostaff, 1983) and internal decay, which 

increase vulnerability to blow down. Similarly American beech (Fagus grandifolia Ehrh.) 

is highly susceptibility to windthrow (Canham et al. 2001) after the occurrence of beech 

bark disease (Papaik et al. 2005). Bergeron and Leduc (1998) also noted interactions 

between budworm outbreaks and windthrow. The complexity of windthrow is related to 

the highly varying intensity of the disturbance itself and its interaction with physiography 

(Rich et al. 2007).  

 

2.6 Conclusions  

An understanding of forest dynamics is critical to formulate stand management 

strategies, including biodiversity maintenance and long-term ecosystem productivity 

(Bergeron et al. 1999). Most of the 602 PSPs analyzed in New Brunswick had positive PAI 

from 1987-2007, with 11 of 12 stand types having mean PAI of 0.6-2.9 m3ha-1yr-1. Only 

BFSP stands had negative mean PAI, at -0.4 m3ha-1yr-1. Stratifying plots into decreasing, 

fluctuating, and increasing volume change classes, by stand type, indicated that about 50-

90% of plots in each stand type had increasing volume over the 20-year period. The 

proportion of decreasing plots for HW, MW and SW varied from 0 to 30 %, but was 

highest, at 18-30%, in PSSP, BFSP, TH, and SPBF stand types. This suggests that the vast 

majority of mature and overmature stands in the New Brunswick Acadian forest are 

growing and sequestering carbon. 
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The exception is balsam fir dominated MW and SW stand types, in which about one-

third of plots were decreasing in volume as mortality exceeded growth. Plots in the 

decreasing volume class in any stand type invariably reflected high mortality. Regression 

tree models indicated that % balsam fir basal area, location of plots (ecoregion), QMD, and 

volume significantly influenced MORT and PAI from 1987-2007. Mortality was indirectly 

related to past spruce budworm disturbance, which increased the probability of windthrow. 

Also, defoliated trees are weakened and more susceptible to secondary insects and disease 

and root rot, all of which increase the probability of windthrow. Wind related causes 

resulted in more than 56% of mortality for all stand types.  

HW and other (non-fir-spruce) SW stand types were stable, less vulnerable to 

spruce budworm and windthrow than balsam fir dominated stands, and thus well-suited for 

protection to develop into old growth forests and achieve long-term sequestration of on-

site carbon. Species mix and long-term (including indirect) disturbance history are primary 

determinants of stand dynamics. 
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Table 2.1. Stand characteristics of 602 PSPs in New Brunswick representing 12 stand types 

and mean annual increment (basal area, volume) from 1987-2007. 

1Species abbreviations: TH tolerant hardwood, SP spruce, OSW other softwood, BF 

balsam fir, PSSP poor site spruce, IH intolerant hardwood. 

  

Mean characteristics of plots in last measurement (2007) Mean annual increment of 

plots from 1987-2007 

Stand  type No. of 

plots 

Age 

(years) 

Quadratic 

mean 

diameter 

(cm) 

Basal 

area 

(m2 ha-1) 

Density 

(stems ha-1) 

Volume 

(m3 ha-1) 

Basal area 

(m2 ha-1yr-1) 

Volume 

(m3 ha-1yr-1) 

Hardwood stand types 

TH 44 105 25.0 29.4 646 184 0.11 0.6 

THSP 32 104 21.4 32.3 929 209 0.21 1.6 

THBF 17 101 24.1 31.6 697 211 0.21 2.2 

IH-BFSP 26 84 20.7 34.3 1045 221 0.20 2.2 

Mixedwood stand types 

SPTH 33 100 24.2 36.1 805 254 0.54 2.8 

BFTH 24 87 23.7 29.0 669 189 0.09 0.9 

BFSP-IH 27 87 19.7 33.0 1065 203 0.21 2.2 

Softwood stand types 

BFSP 151 88 21.6 31.5 911 200 -0.21 -0.4 

SPBF 218 106 20.5 30.1 949 188 0.10 1.1 

OSW 12 108 23.5 43.4 1063 294 0.32 2.9 

PINE 8 98 19.5 32.8 1094 215 0.11 1.8 

PSSP 10 107 16.8 24.2 1155 131 0.09 0.9 
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Figure 2.1. Locations of 602 PSPs A) in four broad stand types, and B) in three volume 

change classes (decreasing, fluctuating, and increasing) from 1987-2007. The four broad 

stand types combine the 12 stand types used in analyses (see Table 2.1 for actual stand type 

classes): 1) balsam fir (BF) dominated; 2) spruce (SP) dominated; 3) hardwood (HW) 

dominated; and 4) pine and other softwoods (OSW). Lines in B) divide the province into 

north, central and south spruce budworm outbreak regions after Royama et al. (2005).  
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Figure 2.2 Percentage of 602 PSPs in three volume change classes (decreasing, fluctuating, 

and increasing) for each of 12 stand types. The stand types are grouped into three broad 

categories based on species dominance (HW; hardwood, MW; mixedwood, SW; 

softwood). 
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Figure 2.3. The components of periodic annual increment (PAI) by volume change class 

(decreasing, fluctuating, and increasing) for 12 stand types. PAI = IG + SG – MORT, where 

IG is ingrowth, SG is survivor growth, and MORT is mortality. The stand types are grouped 

into three broad categories based on species dominance (HW; hardwood, MW; 

mixedwood, SW; softwood). 
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Figure 2.4. Mortality and periodic annual increment (PAI) by stand type and measurement 

period from 1987-2007 for 602 permanent sample plots in New Brunswick. Each plot was 

measured every 3 years, with six measurement periods: (1) 1990-1992, (2) 1993-1995, (3) 

1996-1998, (4) 1999-2001, (5) 2002-2004, and (6) 2005-2007.  
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Figure 2.5. Cumulative mortality from 1987-2007, by cause, for plots in 12 stand types and 

three volume change classes (decreasing, fluctuating, and increasing). The stand types are 

grouped into three broad categories based on species dominance (HW; hardwood, MW; 

mixedwood, SW; softwood). 
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Figure 2.6. Regression tree of variables influencing A) mortality (m3ha-1yr-1), and B) 

periodic annual increment (PAI; m3ha-1yr-1) in 602 plots in 12 stand types in New 

Brunswick. The labels above each node show the variable and its value selected for the 

split, and lengths of vertical line segments are proportional to reduction in deviance 

associated with that split. Mean mortality and PAI are labeled under each terminal node. 

New Brunswick is divided into seven ecoregions (NBDNR, 2003): Highlands (HL), 

Northern Uplands (NU), Central Uplands (CU), Fundy Coast (FC), Valley Lowlands (VL), 

Eastern Lowlands (EL), and Grand Lake (GL).  
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CHAPTER 3: GROWTH-MORTALITY ATTRIBUTES AND SPECIES 

COMPOSITION DETERMINES CARBON SEQUESTRATION AND DYNAMICS 

OF OLD STAND TYPES IN THE ACADIAN FOREST OF NEW BRUNSWICK, 

CANADA 

 

Planned authors and journal: 
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Strategies for Global Change  
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3.1 Abstract 

The role of balance between growth and mortality of species, and hardwood-softwood mix, 

in determining the carbon (C) source and sink budget was studied in 602 old forest plots in 

New Brunswick, Canada. Plots represented 12 stand types, grouped into softwood (SW), 

mixedwood (MW), and hardwood (HW) categories. We defined three net C change classes 

(sink >0.09 C t ha-1yr-1, source <-0.09 C t ha-1yr-1, and neutral -0.09 to 0.09 t C ha-1yr-1). 

Over the 20-year period from 1987-2007, 68% of plots were C sinks, 25% were sources, 

and 7% were neutral. Stand types dominated by SW generally had less C than HW and 

MW stands at the same ages. Mean total C was higher for HW (115 t ha-1) in comparison 

to MW (104 t ha-1) and SW (93 t ha-1) stands. Balsam fir (Abies balsamea (L.) Mill.)-spruce 

(Picea sp.) was the only stand type with negative mean C change at -0.2 t C ha-1yr-1. Long 

term C projection using OSM (Open Stand Model) determined that 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 7-21% increases. Results indicated that HW and 

non-balsam fir dominated MW stands tend to sequester more C, and incurred less mortality, 

compared to balsam fir dominated stands, and therefore should have priority in 

management for longer rotations to maximize C onsite. Simulations indicated that C 

sequestration in HW and MW (non-balsam fir) stands would increase with age and such 

old forest types could act as C sinks in the future. 

Key words: Permanent sample plot, stand development, biomass, species mix, mortality, 

net carbon change, simulations, Open Stand Model 
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3.2 Introduction 

Forest carbon (C) balance and storage are largely governed by stand development 

stage, species composition, the balance between growth and mortality, and susceptibility 

of stands to natural disturbances (Ryan et al. 2004; Taylor et al. 2014; Bashir and MacLean 

2015). Forests sequester and accumulate C from the atmosphere as they grow for decades 

to centuries, and can represent a huge C storehouse even in later stages of stand 

development (Luyssaert et al. 2008).  

Old forest stands were previously thought to be C neutral or sources because 

maintenance respiration (loss of C) would equal or exceed production (binding of C) as 

trees grow older (Binkley  et al. 2002). The other factors contributing to C sink-source 

potential of older stands are local climatic conditions (Gower et al. 2001), soil attributes 

(Zak et al. 1989; Wang et al. 2003), and changes in community structure during succession 

(Pare and Bergeron 1995; Drake et al. 2011). Recent studies, however, suggest that both 

net ecosystem and net biome productivity are predominantly positive in temperate, boreal, 

and tropical forests from young to old age (15 to >500 years) (Paw  et al. 2004, Luyssaert 

et al.  2008). Similarly, Harmon et al.  (2004) estimated long-term net ecosystem 

productivity to be 0.2 t C ha-1y-1 in 500 year old Douglas-fir (Pseudotsuga menziesii)-

western hemlock (Tsuga heterophylla) forest. Luyssaert et al. (2008) also observed 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 percent of global 

fossil fuel CO2 emissions in 2005.  Hence, the assumption that old forest stands are neutral 

or net emitters of C deserves re-examination (Gunn et al.  2014).  

Understanding patterns of forest growth with stand development and how different 
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tree species differ in their C storage and sequestration potential is fundamental to 

determining the role of forests as sources and sinks in global C budgets (Vogt et al.  2007). 

Stand development regulates C storage and acts as a significant source of variability in net 

C change; for example, mean temperate forest C change of -1.9, 4.5, 2.4, 1.9 and 1.7 t C 

ha-1yr-1 was observed across five age classes (0-10, 11-30, 31-70, 71-120, 121-200 years, 

respectively) (Pregitzer and Euskirchen 2004). C sequestration potential of stand types also 

differs significantly due to differences in tree species composition, softwood (SW)-

hardwood (HW) species mix, and silvics (Bunker et al.  2005). C stocks of aboveground + 

belowground in seven temperate forests of Himalaya, India with varying species 

composition ranged from 45.4 to 135.6 t ha-1 and deadwood pools ranged from 0.7 to 6.8 t 

ha-1, accounting for 61% and 1% of the total C stock (Dar and Sundarapandian 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).  All these factors result in higher C in biomass in HW than SW stands. For example, 

Neilson  et al. (2007) in New Brunswick observed C storage of 25-75 t ha-1 for SW 

compared to 44-142 t ha-1 for HW at age 80 years. HW biomass was observed to be  higher 

than SW biomass over all diameter at breast height (DBH) values (Freedman 1984), and a 

higher expansion factor is needed to calculate biomass in HW than for SW because HW 

species have 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 alter productivity, the storage of C in different pools, and can release 
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C directly into the atmosphere (through combustion or increased decomposition) (Hurtt et 

al. 2002, Taylor et al. 2008, Fahey et al. 2009). Disturbances also 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). Disturbances and 

decomposition rates therefore play an important role in C storage and cycling. Risk of C 

loss from disturbances, and differences in C storage and sequestration among forest types, 

increase the importance of planning effects of management and protected area decisions. 

The protected area decisions include  conserving productive, long-lived stand types less 

susceptible to natural disturbances (Bashir and MacLean 2015).  

Although several studies have quantified stand and landscape scale level C in old 

stands (e.g., Turner et al.  1995, Gunn et al.  2014), in this study we  compare  C dynamics 

of old stands with different species composition. Bashir and MacLean (2015) concluded 

that differences in mortality rates among stand types and species mixes determined 

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 

proportion of plots with decreasing volume due to mortality exceeding growth. In this 

study, we compare C sequestration and dynamics in major biomass pools of 602 old forest 

plots representing 12 stand types, which we divided into SW, MW, and HW categories. 

Specific objectives were to: 1) calculate C stock changes over 20 years (from 1987-2007) 

and determine whether plots in each stand type were C sinks, neutral, or sources; 2) 

determine the effect of species composition and growth-mortality balance on C dynamics 

of 12 old forest stand types; and 3) simulate the effect of species composition on long term 

(100 year) C sequestration potential of 12 old forest stand types. 
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3.3 Methods 

3.3.1 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, including 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 3.1) 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 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). 

 

3.3.2 Permanent sample plot data  

A network of permanent sample plots (PSPs) was established in NB from 1987-

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 industry (Porter et al. 2001). Plots consisted of one 400-

m2 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 (Alnus 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 
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details of plot establishment, and measurement methods can be found in Porter et al. 

(2001).  

Data for the PSP measurements from 1987-2007 were obtained from the NBDNR 

(PSP Coordinator) and categorized based on stand age. We pooled mature and overmature 

PSPs in all analyses because of the small sample size of overmature plots. A total of 602 

mature and overmature PSPs were selected, of which 576 were mature and 26 overmature. 

Spruce (Picea sp.)-balsam fir (SPBF) and BFSP PSPs were most abundant at 231 and 150, 

respectively. Number of PSPs of other stand types included 44 tolerant hardwood (TH) 

plots, 32 tolerant hardwood-spruce (THSP), and 33 spruce-tolerant hardwoods (SPTH) 

(Figure 3.1A).  

 

3.3.3 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 and others (2005) was used:  

                                                        𝐵𝑑   =     𝛽1𝐷𝛽2                       (1) 

where Bd is the dry biomass component of trees, D is DBH, and β1 and β2 are model 

parameters for each biomass component by species (Lambert et al. 2005). Aboveground 

biomass of each whole tree was calculated by summing the aforementioned four tree 

components, and then aboveground C stocks was estimated as the product of all tree dry 

biomass multiplied by a constant factor of 0.5 (Leith 1975). Total C per hectare of each 

plot was calculated, and plot values were averaged by stand type. Belowground biomass 

(fine- and coarse-root) was calculated using regression equations based on published 

studies in temperate and boreal forest ecosystems (Kurz et al. 1996). SW root biomass (Rs) 
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was estimated from SW aboveground biomass (Bs) by 

                                                     𝑅𝑠     =    0.23 𝐵𝑠
                                                (2)                                                                   

while for HW, root biomass (Rh) was calculated from HW aboveground biomass (Bh) using 

                                                    𝑅ℎ    =   1.432  𝐵
ℎ0.639                                          (3) 

Each PSP was categorized on the basis of the mean rate of net C change over 20 

years (from 1987-2007) into one of three C change classes - source, neutral or sink. We 

defined three classes to categorize plots with little mean change over 20 years (±0.09 t ha-

1 yr-1) as neutral; > 0.09 t C ha-1yr-1 as a sink; and <-0.09 t ha-1yr-1as a source (Figure 3.1B).  

The periodic C change (t C ha-1yr-1) per plot over all measurement periods was calculated 

as 

                                                    (𝑇𝐶1 − 𝑇𝐶2)/(𝑌1 − 𝑌2)                                 (4)                                                                

where TC1 and TC2 were the live biomass C at the first and last measurement, and Y1 and 

Y2 are the corresponding years when the measurements were made. 

 

3.3.4 Model projections for carbon estimation 

We simulated the long term (100 year) C sequestration potential of each stand type 

using the Open Stand Model (OSM; Hennigar et al.  2011) to estimate C for each 

component of 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 inventory attributes (e.g., density, basal area, 

quadratic mean diameter) and volume using regional taper equations (Honer et al.  1983). 

OSM also quantifies biomass C by species in four major aboveground live pools using 
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species-specific allometric equations from Lambert et al (2005). Tree lists of each of the 

602 plots representing the 12 stand types were simulated 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 (temperature and precipitation) and site factors (topography, soils) on growth of 

tree species across forests of NB during simulation, plots were categorized into three 

climate zones and four site classes.  

When modeled (OSM) and observed (PSP) aboveground biomass C (t ha-1) for five 

measurement periods (1987-2007) were compared for each of 12 stand types, R2 > 0.8 were 

observed for all stand types except BFSP, which had R2 = 0.7. Net C change (t ha-1yr-1) 

was calculated and compared for both modeled and observed biomass C values for all plots. 

However lower R2 = 0.3 was found for modeled versus observed net C change (t ha-1yr-1). 

This led us to further investigate 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 increments 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.  

 

3.3.5 Data analysis 

General linear models (ANOVAs) were used 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 was assessed using repeated 

measures ANOVA, where repeated measures accounted for correlated data among periods. 
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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 analyse plot frequency distributions by C change pattern for 

associations between C change class and stand types. If the critical χ2 value was exceeded, 

then the null hypothesis that there was no association between classes was rejected. Mixed 

model ANOVAs, χ2, repeated-measures ANOVA and simple linear regression were 

performed using R (R Developement Core Team, 2013). Data were examined for normality 

and homogeneity of variances using the Shapiro-Wilk test and Levene's test, respectively. 

Statistical significance was determined at p < 0.05. 

 

3.4 Results 

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

Among all PSPs, 68% were categorized as C sinks (> 0.09 t C ha-1yr-1 over the 20-

year period from 1987-2007), 25% as C sources (< -0.09 t C ha-1yr-1), and 7% as C neutral 

(-0.09 to 0.09 t C ha-1yr-1) (Figure 3.2). There was significant association between the 

percentage of plots per C change category and stand type (χ2 = 143.4, df = 22, P < 0.001). 

HW dominated stand types, on average, had 20% of plots categorized as sources: TH 36%, 

THSP 25%, THBF 0%, and IH-BFSP 19%. Three MW stand types (SPTH, BFTH, and 

BFSP-IH) had 15-34% C source plots, while SW stand types had the most C source plots, 

ranging from 8% for OSW to 42% for BFSP. Among the five SW dominated stand types, 

C source plots averaged 35% in four types (BFSP, SPBF, PINE, PSSP), but OSW had just 

8% C source plots. Percentage of C sink plots in HW stand types ranged from 57-82%, 
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versus 58-85% in MW and 49-84% in SW dominated stand types. Balsam fir and spruce 

SW stand types had 49% and 61% of plots classified as C sinks. All stand types had less 

than 10% of plots characterized as C neutral, excluding TH (18%) and PINE (13%).  

 

3.4.2 Effects of growth and mortality on periodic C change  

C storage in live and dead biomass pools for each stand type was primarily 

influenced by tree mortality. Rate of C storage in live biomass remained relatively constant 

among stand types and C change classes, with mean C sequestered from growth on 

surviving trees ranging from 1.6-4.6 t C ha-1yr-1 and ingrowth averaging only 0.4 t C ha-

1yr-1 in all plots. C transfer from live to the deadwood biomass pool due to tree mortality 

differed among both stand types and C change classes. Rate of C accumulation in 

deadwood biomass for all stand types averaged 4.9, 3.1, and 1.4 t C ha-1yr-1 for source, 

neutral, and sink C change classes, respectively (Figure 3.3). In the C source category plots, 

mortality transfer to deadwood accounted for 4.3-5.9 t C ha-1yr-1 for HW, 4.9-6.0 t C ha-

1yr-1 for MW, and 2.0-6.0 t C ha-1yr-1 for SW stand types. Mortality was 2.2-4.4 t C ha-1yr-

1 for C neutral plots and 1.0-2.5 t C ha-1yr-1 for C sink plots. 

Mean annual C change from the live to the dead biomass pool was -1.0, 0.04, and 

2.2 t C ha-1yr-1 for source, neutral and sink C classes, respectively (Figure 3.3). For MW 

and SW stand types, the C source plots had net C change varying from -0.4 to -2.0 t C ha-

1yr-1, whereas in HW dominated stand types it was -0.8 to -1.2 t C ha-1yr-1. Most stand types 

had >2 t C ha-1yr-1 sequestration, except for TH and PSSP plots, which averaged 1.6-1.8 t 

C ha-1yr-1, and two stand types (BFSP-IH and OSW) with C sequestration > 3 t ha-1. Mean 

C change was highest for MW (2.6 t C ha-1yr-1), followed by HW (2.1 t C ha-1yr-1) and SW 
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(1.9 t C ha-1yr-1). 

 

3.4.3 Temporal patterns of C change among different stand types 

Rates of periodic C change by stand type and measurement period are presented in 

Figure 3.4. Periodic C change of THSP and PSSP plots decreased continuously (from 

measurement periods 1 to 5); decreased in at least three periods for BFSP, SPTH, and 

THBF; and increased in at least three periods for SPBF and OSW plots.  In other stand 

types, C change was variable. Periodic C change differed significantly between stand types 

(F[11] = 7.4, P < 0.001), but the stand type × time interaction was not significant. A total of 

13 pairwise comparisons of periodic C change were significantly different: BFSP < THBF, 

IH-BFSP, BFSP-IH; SPTH > BFSP, TH, BFTH, PSSP, SPBF; and OSW > BFSP, TH, 

BFTH, PSSP, SPBF. BFSP was the only stand type that was a C source for multiple time 

periods (periods 1, 2, 3, and 5; -0.1 to -0.4 t C ha-1yr-1), and as a result it had a negative 

mean C change at -0.2 t C ha-1yr-1. Other stand types behaved as C sources for specific 

periods (periods 3, 2 and 5 for BFTH, PINE and PSSP, respectively). Mean C change was 

0.1-0.4 t C ha-1yr-1 for TH, BFTH, SPBF, PINE and PSSP stand types; 0.5-0.9 t C ha-1yr-1 

for THSP, IH-BFSP, and BFSP-IH; and was highest at just above 1 t C ha-1yr-1for THBF, 

SPTH and OSW stand types. 

 

3.4.4 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, 
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96-140, and 141+ years, representing various developmental stages, are summarized in 

Table 3.1. The aboveground C content in HW dominated stands ranged from 63-75, 73-91, 

77-98, and 80-103 t ha-1 in the above four age classes, respectively (Table 3.1). For MW 

stands C t ha-1 at same ages varied from 62-66, 71-79, 74-90, and 85 t ha. Stand types 

dominated by SW generally had less C than HW and MW stands at the same ages, 

averaging 50-65, 59-73, 63-83 and 67-80 t ha-1 for the four age classes. Among SW 

dominated stands, the OSW stand type was highest, at 80 t C ha-1 in the 141+ year age 

class. Belowground C storage in tree root biomass increased steadily over time, accounting 

for 12.1-19.1 t C ha-1 for SW, 14-16.9 t C ha-1 for HW, and 14.3-16.9 t C ha-1 for MW 

(Table 3.1).  

Total C, including aboveground and belowground biomass and deadwood, ranged 

from 106-127 t ha-1 in HW dominated stands, 97-109 t ha-1 in MW, and 83-100 t ha-1 in 

SW (Figure 3.5A). The mean total C for HW, MW and SW stands was 115, 104 and 93 t 

ha-1, respectively. Distribution and variability of total C (Figure 3.5B) differed significantly 

among HW, MW, and SW classes (F[2] = 46.5, P < 0.001), stand types (F[11] = 12.98, P < 

0.001) and among biomass C pools (F[5] = 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. Among stand types, there was relatively little difference in C in the four 

biomass categories, with mean stem wood ranging from 53-60%, branches + foliage 11-

17%, roots 13-16%, and deadwood 12-14%.  
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3.4.5 Simulated 100-year C projection 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 sequestered (Figure 3.6). Stand types had variable 

ages of peak C, depending on species mix. Tolerant hardwood-dominated stand types 

(THBF, TH, THSP, and SPTH) were projected to have maximum C storage of 100-105 t 

ha-1 at age 180-185 years, in comparison to initial plot C of 70-87 t ha-1. Balsam fir and 

spruce-dominated stand types were projected to have maximum C of 79-88 t ha-1 at ages 

164-167 years (BFTH, BFSP-IH, IH-BFSP) and 186-188 years (SPBF, OSW). Decline was 

projected for three stand types, with BFSP declining in C after year 80, and Pine and PSSP 

declining beginning at ages 140 and 170 years, respectively. BFSP-IH and IH-BFSP stand 

types also showed slight C declines at the end of the simulation period. Projected decline 

in C were small (3-7 t C ha-1) because regeneration contributed to increased biomass; for 

BFSP, C stock was projected to rise from age 140 years due to advanced regeneration 

(ingrowth) resulting in increased biomass in BF dominated stands.  

Total C was projected to increase over the 100-year simulation by 26-30% for 

tolerant hardwood and spruce dominated stand types (SPTH, THBF, THSP, and SPBF), in 

comparison to 14-21% for the five other stand types. Even stand types associated with 

biomass decline were projected to increase in C stock by 7-17% (BFSP and PSSP, 

respectively). For all stand types, 73-80% of total C of the living biomass was recorded in 

stem wood (wood + bark).  
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3.5 Discussion 

3.5.1 C stock change among stand types 

Understanding dynamics of C across varied forest types and successional patterns 

is useful to better understand and account 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. 2007, 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). In our study, 25% of plots were characterized as C sources (< -0.09 t ha-

1yr-1) based on net C change over 20 years, from 1987-2007. 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 

biomass into the deadwood biomass pool (Taylor and MacLean 2005, Neilson  et al. 2008). 

Balsam fir dominated stands with decreasing volume sustained cumulative mortality of 

118-134 m3 ha-1 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 

limitation 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).  

Our analysis 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 
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determined that tree species composition was important in regulating potential C storage, 

even when anthropogenic disturbances are excluded. Balsam fir dominated MW and SW 

stands sustained high mortality and relatively low C increment over time.  

The net C change in 11 out of 12 stand types in our study were all positive (C sink) 

and within the range of 0.12, 0.43, and 3.53 t C ha-1yr-1 observed in three permanent 

temperate forest plots (birch; Betula sp, oak; Quercus sp. and pine forest) in China (Zhu et 

al. 2015). Overall 58% of our PSPs maintained positive C change ranging from 0.1-1.4 t 

ha-1yr-1 over the 20-year study period. This is comparable to net C change of 0.5 t ha-1yr-1 

in boreal Norway spruce (Picea abies (L.) H. Karst.) forest of Sweden (Bergh et al. 1999), 

but lower than the 5.9 t ha-1yr1 in maritime Sitka spruce (Picea sitchensis (Bong.) Carr.) 

forest in Scotland (Clement 2004) and the 5.7 t ha-1yr-1 in temperate pine forest of France 

(Berbigier et al. 2001). The results demonstrate that most of the old stand types in New 

Brunswick can still be substantive C sinks, similar 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 under longer rotations to maximize C onsite 

(Neilson et al. 2008). 

 

3.5.2 Influence of species mix on C stocks  

Forest C varies on a landscape scale because of the spatial heterogeneity in species 

composition and successional patterns (Neilson et al.  2007). Mean C content varied 

significantly among stand types, with HW stands accounting for 18% more C than SW and 

10% more C than MW stand types. Among the 12 stand types that we examined, C stocks 

ranged from 59-92 t C ha-1, in comparison with ranges of 25-75 and 40-90 t C ha-1 reported 
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for SW and HW forest types in eastern USA (Brown 2002), and 86-97 t C ha-1 in spruce 

dominated stands (Zhou et al.  2004, Smith et al.  2006, Neilson et al.  2007).  

Belowground biomass C constituted 13-16% of total C for our stands, with a range 

of 14-17 t C ha-1, slightly less than the 18-20 t C ha-1 reported for spruce-dominated SW 

stands in Ontario, Canada (Hazlett et al.  2005). Stem wood on average accounted for 56% 

of total aboveground C in our stand types. Deadwood represented the second largest C 

pool, at 12-17 t ha-1 or (8-20%) in our study, in comparison with 1.6-7.5 t C ha-1 (2.5 %) 

reported for downed woody debris biomass in a 72-114 year-old white pine (Pinus strobus) 

stand (Hooker and Compton 2003), and 10-20% of the aboveground biomass in eastern 

forests of United States (Turner et al.  1995). 

Variation in aboveground biomass C stocks among stand types depends on a 

number of factors, such as species growth and longevity, silvics, climate, nutrient 

conditions, topography, 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). Jenkins et al. (2003) determined that 

hardwood species had greater biomass at a given diameter than SW dominated stands. 

Schroeder et al. (1997) and Brown and Schroeder (1999) found that SW biomass (including 

pine, spruce, and fir species) was lower than HW biomass in the northeastern maple (Acer 

sp.)-beech (Fagus sp.)-birch forest. Ker (1980) reported that 67% of aboveground dry 

weight was contained in the merchantable stem for SW versus 70% for HW. Therefore 

differences in on-site C stock should generally favour harvesting of SW stands and 

retaining HW and MW dominated stands for a longer rotation, if C sequestration is the 

objective (Neilson et al.  2008). But our study also indicated that OSW stands, which 
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mainly include hemlock (Tsuga sp.) and eastern white cedar (Thuja occidentalis) species 

with higher longevity and less prone to disturbances can be utilized for increasing onsite C 

sequestration (Bashir and MacLean 2015).  

 

3.5.3 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 influenced 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 longer longevity and less 

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 increased by 

26-30%, versus 7-21% increases in other stand types examined. 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 year 2100 (Hlasny et al.  2014) and by 24-

43% in Sweden in second half of the 21st 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 year 2100 in the Czech Republic.  

As stand age increases, tree biomass C storage also increases. This highlights the 

significance of longer temporal accumulation of C in old forests and also indicates a high 

potential for managing these forests to maximize the sequestration of C. Similarly, Zierl 
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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 increasing onsite C (Pukkala 

2014). Species silvics and stand developmental pattern should be considered while 

designating protected natural areas to achieve the structural and functional objectives of 

old growth forests (Mosseler 2003). 

 

 

3.6 Conclusions 

Our results were consistent with other evidence indicating that North American 

temperate forests have functioned as significant C sinks for many decades and are still 

capable of sequestering C. Analysis of 602 PSPs indicated that old stands in 11 out of 12 

types continued to accumulate C with a positive C mean change ranging from 0.3-1.4 t ha-

1 yr-1. Only BFSP stands had negative mean C change, at -0.2 t ha-1yr-1. Total forest C 

storage in HW stands was 18% and 10% higher than in MW and SW dominated old stand 

types, respectively.  

Simulations of current old stand plots, by stand type, projected that non balsam fir 

dominated forests in this region will continue to add biomass and sequester C for at least 

100 years, and may act as C sinks for decades or even centuries, although disturbance or 

environmental changes may alter the trajectory. We conclude that the major forest types in 

northeastern Atlantic Canada are currently C sinks and forest management decisions (such 
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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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Table 3.1. Mean aboveground carbon (t ha-1) by stand type and age classes 

 
a 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.                                                 

 b AGC is aboveground carbon and BGC is belowground carbon. 

c 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. 

  

 
Stand  

type 

 
Carbon (t ha-1) by age classa (years) and  live biomass poolsb 

                                                                                        
                                                         Age class (years) 

                
               ≤55                                           

                 
               56-95  

              
                 96-140 

              
               141+ 

     

AGC              BGC                    AGC                   BGC                      AGC                    BGC                   AGC                BGC 

 

Hardwood  stand  types 

TH c 75.1±5.3 14±1.83 (2) 91.4± 2.4 15.1±0.3 (106) 97.8±3.0 15.2±0.3 (90) 102.8± 6.8 16.1±1 (16) 

THSP 65.3±2.5 14.7±0.7 (3) 76.5±2.5 15.8±0.3 (78) 88.3±2.6 16.7±0.3 (67) 100.1±10.8 16.9±0.6 (3) 

THBF 71.2±5.0 14.2±0.9 (2) 85.2± 3.1 14.9±0.3 (47) 97.2±4.3 15.9±0.33 (36) - - 

IH-BFSP 63.2± 3.3 14.9±0.5 (28) 73.2±2.2 15.5±0.3 (83) 77.2±4.2 15.9±1.1 (20) 80.2±7.4 16.2±0.48 (2) 

Mixedwood  stand  types  

SPTH 62.2±5.5 14.3±2.2 (5) 72.1±2.7 15.2±0.4 (96) 80.3± 2.9 15.8±0.55 (55) 85.1±7.7 16.5±0.2 (8) 

BFTH 66.2±5.7 15.2±1.4 (11) 78.6±2.2 15.9±0.3 (82) 89.6±3.5 16.9±0.55 (28) - - 

BFSP-IH 61.8±3.7 14.4±0.2 (14) 71.2±2.0 14.8±0.3 (84) 73.3±4.3 16.0±1.0 (19) - - 

Softwood  stand  types 

BFSP 53.2±2.7 13.8±0.6 (27) 63.2±0.8 14.6±0.1 (612) 69.5±1.9 15.3±0.05 (75) 73.2±4.8 16.1±0.6 (13) 

SPBF 50.1±3.4 12.4±1.1 (35) 59.2±1.0 13.1±0.1 (621) 63.2±1.5 14.2±0.2 (350) 66.5±2.4 15.2±0.6 (94) 

OSW 64.8±7.1 13.6±0.4 (3) 73.3±4.4 15.6±0.7 (34) 76.2±7.7 17.4±1.4 (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±4.2 18.2±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± 7.2 17.7±0.2 (4) 
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Figure 3.1 Locations of 602 PSPs showing (A) three broad stand categories, and (B) three 

carbon change classes (sink >0.09 C t ha-1, neutral 0.09 to -0.09 C t ha-1, and source <-0.09 

C t ha-1). The three broad stand categories combine the 12 stand types used in analyses (see 

Table 3.1 for actual stand type classes). 

  

   Hardwood       119  
  Mixedwood       84 

  Softwood          399 

     Stand type          n 
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       Neutral       44 

        Sink           371 

    Carbon class     n 
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Figure 3.2. Percentage of 602 PSPs in three carbon change classes: sink (> 0.09 t C ha-1yr-

1), neutral (0.09 to -0.09 t C ha-1yr-1), and source (<-0.09 t C h-1yr-1)  based on net carbon 

change from 1987 to 2007 for each of 12 stand types (abbreviations defined in Table 3.1) 

grouped into hardwood, mixedwood, and softwood categories. 
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Figure 3.3. Periodic change in carbon stock resulting from survivor growth, ingrowth, and 

mortality for 12 old forest stand types. The stand types were grouped into categories based 

on C over 20 years (source, neutral, sink) and species dominance (HW; hardwood, MW; 

mixedwood, SW; softwood). 
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Figure 3.4. Periodic carbon change by stand type and measurement period from 1987 to 

2007 for 602 permanent sample plots in New Brunswick. Each plot was measured every 3 

years, with six measurement periods: (1) 1990–1992, (2) 1993–1995, (3) 1996–1998, (4) 

1999–2001, (5) 2002–2004, and (6) 2005–2007. 
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Figure 3.5. A) Total carbon including aboveground (foliage, branches, bark, wood), 

belowground (roots), and deadwood biomass pools. B) Box plots showing distribution of 

total carbon for 12 major stand types (abbreviations defined in Table 3.1) grouped into 

hardwood, mixedwood, and softwood categories. 
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Figure 3.6. 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 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. 
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CHAPTER 4: GENERAL DISCUSSION 
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4.1 Introduction 

The overall aim of this thesis was to investigate the effect of species, hardwood 

(HW)-softwood (SW) mix, and balance of growth and mortality on stand dynamics and 

carbon (C) in old stand types of the Acadian forest in New Brunswick (NB). In Chapter 2, 

analysis included quantification of volume development patterns (decreasing, fluctuating 

and increasing) to study growth and mortality dynamics for 602 permanent sample plots 

(PSPs) representing 12 old stand types categorized as HW, mixedwood (MW) and SW. 

Results showed that species mix resulted in varying growth and mortality rates and strongly 

influenced net productivity in a forest  stands. Therefore, if long-term forest persistence is 

an objective of protected natural areas, management decisions (selection of stand types) 

should retain productive, longer longevity stand types less susceptible to natural 

disturbances to achieve the objectives of ecosystem sustainability and biodiversity. Chapter 

3 comprised analyses categorizing the same 602 plots as a source, neutral or C sink based 

on C net change (t C ha-1yr-1) over a 20 year period. This concluded that growth-mortality 

dynamics and species mix significantly influenced the current and future rates of C storage 

and sequestration among the stand types.  

In this chapter I will: 1) briefly summarize the main results from the previous two 

chapters (2 and 3) and extend the discussion towards a broader understanding of stand 

development of older stand types; 2) critique the methods used in this study, to identify 

limitations and suggest improvement; and 3) present a cohesive picture of stand and C 

dynamics of older stands in the Acadian forest as influenced by species composition, 

growth-mortality balance, in order to provide conservation strategy and implications of 

OFs.  
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4.2 Summary of results 

Effects of species and hardwood–softwood mix on the balance of growth and mortality 

in old stands in New Brunswick, Canada. (Chapter 2)  

In Chapter 2 (Bashir and MacLean 2015), I focused on the mature and over-mature 

development stages, in an attempt to quantify the disparity in pattern and process of stand 

development over time due to differences in species and HW-SW mix. PSP data were 

stratified into 12 stand types categorized into three broad classes (HW, MW and SW), and 

seven measurement periods from 1987-2007, in order to determine growth and mortality 

variability for various old stand types over a 20-year period. Volume over age curves were 

used to categorize volume development pattern over 20 years for over 600 plots into 

decreasing (17%), fluctuating (25%), and increasing (58%) volume over time trends. 

Percentage of plots with decreasing volume averaged 7-8% for HW and MW, versus 17% 

for SW, supporting the hypothesis that balsam fir dominated stand types in MW and SW, 

with higher mortality than survivor growth + ingrowth, had a higher proportion of 

decreasing plots than HW. Mortality played a dominant role in decline of volume and acted 

as the main driver of declining periodic annual increment for all stands, in contrast to results 

of Ryan et al. (1997) or Acker et al. (2002). Most of the PSPs I analyzed had positive PAI 

from 1987 to 2007, with 11 of 12 stand types having mean PAI of 0.6-2.9 m3 ha-1yr-1. Only 

the BFSP stand type had negative mean PAI, at -0.4 m3 ha-1yr-1. Stands with high mortality 

and declining volume may have benefits influencing ecological processes and biodiversity 

of forest ecosystems (Franklin 1987). Coarse woody debris, both standing dead trees and 

downed deadwood, provides regeneration substrate for some plants, serves as habitat for 
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many insect and wildlife taxa (Morrissey et al. 2004, Harmon et al. 1986). But they also 

potentially increase the capacity of forests to become sources of C, compared to C sinks in 

stands with increasing volume. HW and other (non-fir-spruce) SW stand types were stable, 

less vulnerable to spruce budworm and windthrow than balsam fir dominated stands, and 

thus well-suited for protection to develop into old growth forests conditions to achieve 

objectives of biodiversity conservation (Bashir and MacLean 2015). 

 

Growth-mortality attributes and species composition determines carbon sequestration 

and dynamics of old stand types in the Acadian Forest of New Brunswick, Canada. 

(Chapter 3) 

  In Chapter 3, I used the same 20 years of PSP data to analyze the influence of 

growth-mortality balance of species and hardwood-softwood mix on the potential of old 

stands to store and sequester C. Influence of species mix on long term C sequestration 

potential of older stands was estimated using the Open Stand Model (OSM). Overall, 68% 

of plots were categorized as C sinks, 25% as C sources, and 7% as C neutral based on net 

C change from 1987-2007. The HW and MW dominated stands had more than 70% of 

plots categorized as C sinks compared to 63% in SW. For balsam and spruce dominated 

stands the proportion of plots that were C sources was highest, ranging from 31 to 42%. 

BFSP was the only stand type that was a C source for multiple time periods, with a negative 

mean C change of -0.2 t C ha-1yr-1. For all other stand types mean C change was positive, 

varying from 0.1 to 1.4 t C ha-1yr-1. C storage and sequestration for all stands was 

significantly influenced by age and species mix. The above and belowground live C 

increased steadily with age, and was higher in HW dominated stand types compared to 
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MW and SW at similar ages. Stem wood on average comprised the largest proportion of 

total aboveground C in the forest ecosystem. Other biomass pools sequestered C at much 

lower rates, but play important roles in C cycling. Model projections also showed higher 

C content in HW dominated stands compared to MW and SW at same ages. The study 

indicated that carbon in HW and MW dominated stands increased with age, without any 

sign of decline in C sequestration. In contrast, balsam fir dominated stands, especially the 

BFSP stand type, showed a negative C change with a decline at the 80 years of age.  

 

4.3 Integration of results 

Both Chapters (2 and 3) used PSP database analyses to examine growth and 

developmental pattern across a wide range of older stands, to determine their significance 

and potential in conservation. Both Chapters evaluated the influence of species and HW-

SW mix on stand and C dynamics of older stand types. The study also quantified the role 

of growth and mortality to determine the pattern and process of stand development across 

a wide range of older stands. Together both Chapters support the suggestion that balsam 

fir and spruce species composition was more important than broad HW-MW-SW stand 

type in determining stand dynamics and C sequestration potential. Mortality played a 

significant role in determining whether a stand was increasing or declining in volume over 

time, and thereby determined whether the stand was a C sink or source. In contrast, 

ingrowth and survivor growth C remained relatively constant across stands types. In both 

Chapters, the short-lived, disturbance-prone balsam fir dominated stand types showed 

negative annual periodic and C increments. Other stand types have potential for utilization 
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in long term conservation policies to increase on site C storage, and simultaneously achieve 

the objective of conserving biodiversity. 

Species specific traits (silvics) are important in explaining ecological phenomena 

because stand development was also driven by interactive disturbance induced mortality 

by insects, disease and windthrow. HW and other (non-fir-spruce) SW stand types were 

stable, less vulnerable to spruce budworm and windthrow than balsam fir dominated 

stands, and thus well-suited for protection to develop into old growth forests. The same 

stand types have functioned as significant C sinks and are still capable of sequestering C, 

with modeling analysis by OSM indicated their potential to retain C sink ability for at least 

another 100 years (Chapter 3).  

 

4.4 Critique of methods and their limitations 

4.4.1 Inventory data inconsistencies 

 I used the New Brunswick Department of Natural Resources (NBDNR) PSP 

database, which included over 600 mature and over mature plots measured over 20 years 

(Porter et al. 2001). Inventory data were collected by differing and sometimes seasonal 

employees working for NBDNR and Crown licensees, thus there is potential for 

inconsistency of measurements between field teams and measurement years. Data errors 

occurred throughout the database in the form of trees changing species, drastic or erratic 

changes in tree DBH, which sometimes resulted in negative growth, and trees dying more 

than once from multiple causes of death. Although such errors might have negligible 

impact across the huge datasets with more than 25000 trees, analyses of plot-level growth 
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rates are sensitive to fluctuations in individual-tree measurements. Erroneous DBH values 

resulting from obvious data entry mistakes were corrected, and where a live tree 

disappeared for a measurement an entry was added using the average of the measurements 

before and after.  

  

4.4.2 Lack of true representative of old forests in the current study 

The role of old forests (OFs) with respect to future climate change, and in 

conserving ecosystem biodiversity is widely recognized (Franklin et al. 1981). This study 

aimed to investigate the stand dynamics and C sequestration of OFs in NB. But true old 

growth forests are very rare in this area, due to harvesting over the last 300 years (Mosseler 

et al. 2003a; Mosseler et al. 2003b). Therefore I chose to study plots categorized by the 

NBDNR based on age and development stage as ‘mature and overmature’ stages. These 

presumably will develop into old-growth forest, given sufficient time and conservation 

measures. In most biomes, adequate information about the ecological characteristics of 

OFs does not exist, especially information about how OF stand and C dynamics varies 

across landscapes and vegetation types. My study covered most of the stand types 

occurring in NB with potential to encompass the full range of naturally occurring OFs 

conditions. They are described at the stand type level by composition and structure laid out 

in OF community classes (NBDNR 2013) and Erdle and Ward (2008). The intent here was 

to identify and study close to OF conditions plots representing most of the forest cover in 

NB, with a goal to provide appropriate knowledge on stand-C dynamics of older stands. 

The results of this study will help enhance effectiveness in laying out plans and strategy to 

supply OF conditions on Crown land in NB. 
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4.4.3 Climate change and disturbances impact not accounted in long term carbon  

        projections 

 

The current study did not account for the effect of climate change and disturbances 

on long term C projections of OFs. To predict forest response to climate change, we must 

understand forest–climate interactions and vegetation responses to known climatic 

variation and past change (Prentice 1992). The climate and disturbances are essential 

components of forest dynamics and may serve as a catalyst facilitating tree mortality, 

growth reductions, and regeneration failure, which interact and ultimately affect species 

distributions (Hansen et al. 2001). Understanding climate change and disturbance impacts 

has important implications for conservation of OFs to meet the objectives of biodiversity 

sustainability and conservation (Daniels et al. 2011). Undoubtedly climate change will also 

have interactive effects on fire, insect, and wind natural disturbances, which can further 

alter mortality and C source-sink relationships. Therefore it is highly recommended to 

further study stand and C dynamics of OFs under the influence of disturbance events and 

climate change using different process-based, empirical, and C budget models.  

 

4.5 Conservation strategy and implications of old forests 

OFs play an important role with respect to future climate change, and in conserving 

ecosystem biodiversity. Therefore detailed understanding of stand and C dynamics of OFs 

is important. On a global scale, the area of OFs has probably steeply declined over the last 

2,000 years (Spies and Franklin 1996). In most areas of the world, where OFs are totally 

gone or exist as fragments in highly altered landscapes, the dynamics of OF are poorly 
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known. Maintenance of OF patches requires that disturbances be infrequent enough that 

old, relatively large, live and dead trees can develop. The time it takes for a single patch to 

develop OF characteristics depends upon the life span of the trees, density of the trees, and 

productivity of the environment (Spies and Franklin 1996).  

In regions lacking OFs, efforts are being made to restore this type of ecosystem. 

Maintenance or restoration of OFs for biodiversity conservation and C sequestration 

requires a good understanding and adequate information about the stand dynamics of OFs, 

especially information about how OFs are distinguishable from other forest conditions and 

how they vary across landscapes and vegetation types. In NB, OFs are aimed to be retained 

in protected natural areas (PNAs) for ecosystem sustainability and biodiversity 

conservation goals.  Hence this study contributes to better understanding of growth and 

developmental patterns of OFs, to assist policy makers in effectively formulating strategies 

for conservation of OFs in PNAs. 

Strategies to restore OF attributes may involve (1) setting aside forest, (2) extended 

rotations, (3) retention of structural features at the time of harvest (Keeton, 2006), and (4) 

man-made restoration of structural elements (Martikainen et al. 2000). In the last 20 years, 

there has been an increasing focus on systematic conservation planning, that is how to 

select protected areas in a way that captures biodiversity as efficiently as possible 

(Margules and Pressey 2000). In NB areas ‘left for natural dynamics’ can be found in 

PNAs, where silvicultural intervention is prohibited. The policy of setting aside forest areas 

consisting of long lived species that are less prone to disturbances will allow natural forest 

dynamics with structural changes that restore OF attributes such as larger trees, 

heterogeneous vertical and horizontal structure with greater variations in tree size, age, 
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spacing and species composition, increased supplies of deadwood, more large snags and 

fallen trees, multiple canopy layers, canopy gaps and understory patchiness 

(Vandekerkhove et al. 2009). These structural changes have been recorded in several case 

studies and impact biodiversity (Lassauce et al. 2012, 2013; Sitzia et al. 2012).  

To reconcile both timber production and biodiversity conservation goals, the 

present study concludes that encouraging HW dominated stand types are the most suitable 

for C sequestration and biodiversity conservation as OF ecosystems in PNAs (Bashir and 

MacLean 2015). In contrast, shorter-lived balsam fir dominated stand type BFSP (SW) had 

negative increment at older ages. A number of studies in Atlantic Canada using various 

climate change projections recorded that balsam fir will tend to decline in both growth and 

extent in the next century (Bourque and Hassan 2008; Dombroskie et al. 2010; Ashraf et 

al. 2015). Therefore balsam fir dominated stands can better be managed in shorter rotations 

to fulfill the growing demands of wood supply. Protected forests are considered key 

conservation areas for biodiversity conservation both globally (Margules and Pressey 

2000) and in boreal landscapes (Angelstam and Andersson 2001; Gustafsson and Perhans 

2010). OFs in PNAs will prove effective in biodiversity conservation (Geldmann et al. 

2013). Knowledge and understanding of forest stand and C dynamics of older stands can 

serve as a guide for forest management to categorize stand types on the landscape to help 

facilitate reconciliation between forest harvesting needs and retaining OFs for biodiversity 

conservation. 
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