ESTIMATING CARBON STOCKS AND FLUXES IN AN EXPERIMENTAL LOGGING
TRIAL WITHIN BRITISH COLUMBIA’S INLAND TEMPERATE RAINFOREST

by

Maria Alejandra Chadid Hernandez

B.Sc., University of the Andes, 2010
M.Sc. National University of Colombia, 2015

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN
NATURAL RESOURCES AND ENVIRONMENTAL STUDIES

UNIVERSITY OF NORTHERN BRITISH COLUMBIA

May 2024

© Maria Chadid Hernandez, 2024



Abstract

Temperate rainforests in British Columbia, Canada, are recognized for providing a
suitable habitat for fauna and flora and storing a significant amount of carbon above and
below ground. However, silviculture practices such as clearcuts have affected these forests,
in some cases shifting their role from carbon sinks to carbon sources. To avoid some of the
impacts of clearcutting, partial harvest practices have been implemented, which aim to leave
some pre-harvest biological legacies behind to promote faster ecosystem recovery and
provide a habitat for biodiversity. Carbon-related research in these systems has focused either
on short-term studies or analyzing only a few pools, highlighting the need for long-term

studies with a comprehensive analysis of carbon dynamics above and below ground.

Here, I studied the long-term effect of partial harvest and clearcutting on forest
carbon stocks by examining the carbon dynamics in multiple pools above (trees, downed
woody material) and below ground (forest floor and roots) in the Northern Wetbelt, a long-
term, replicated, research trial. I used historical databases and empirical data collected 19
years after harvest to estimate total forest carbon stocks and their change over time in mature
and old-growth Interior Cedar-Hemlock forests. In addition, I identified the treatment that
promotes the greatest carbon accumulation rates in the live trees given different canopy

conditions.

Within 19 years of harvest forest carbon stocks were much higher in partial harvest
with high forest retention (449.49 + 32.22 Mg C ha™') and low retention (192.86 + 14.63 Mg
C ha') compared to clearcut conditions (136.29 + 11.94 MgC ha™!). The carbon dynamics
showed that pools can have opposite trends affecting differently the overall forest carbon

stores. Specifically, while the carbon stocks in live trees increased, the coarse woody debris
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decreased. This interaction kept forest carbon stocks stable with no recovery toward the
preharvest values within 19 years. Finally, the partial harvest treatment with higher forest
retention had the canopy conditions that promoted the greatest carbon accumulation rates in
live trees. Furthermore, the trees located at the edge of a managed opening showed a more
rapid annual growth (0.0023 + 0.0001 Mg C year™") than the ones at the interior of the

sampling plots (0.0017 = 0.0001 Mg C year™!).

This thesis contributes to forest management by providing long-term carbon estimates
from different harvesting practices in mature and old-growth inland temperate rainforests to

support decision-making toward more sustainable use of natural resources.

il



Table of contents

ADSIFACEcceeiiiiieiinitriinticsntecssneecsntecssseecssseessssnesssssessssssssssssssssesssssesssssesssssssssssessssssssssasssssssssss ii
Table Of CONLENLS ...cuueeeiueiiiiiiiitiiinniecineecseeecseeecssnnessseessssnsssssssssssssssssnsssssssssssessssssssssascssas iv
LiSt Of taDIES..uuuuiiiiiiiiiiiiiiiiiiitiecitiectnecsteessnecisnnecssstecsssesssssesssssnsssssnsssssessssssssssssssssssssssasens vi
LSt Of fIGUIES .ccccoviunriiriinnriiiissnniessssnricssssssnecsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss vii
GLOSSATY couuurericisssnniecssssnnnesssssnsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssnssssssss viii
ACKNOWICAZEIMENLS ....cuuerirrnriissniessnicssnncssssncsssnicssssesssssesssssessssssosssssosssssossssssssssssssssssssssssssssss ix
1. Chapter One. INtroduCtiOn .......ccoveeeerverecssencssssicsssnnicsssrecsssnesssssessssessssssssssssssssssssssssssssecs 1
1.1. RESCAICH QUESTIONS ... uiiiiiieciie ettt ettt te e e e ee e ear e e ereeestbeesabeeestaeaeenseeensseenens 2

2. Chapter TwWo. MethodS.....cceiierivnricnissnnricssssnsncsssssssscsssssssessssssssssssssassssssssssssssssssssssssssss 5
2.1. STUAY STEC...eueeirireieeieett et estte et ete et ete e beeteesteessstesstessseeseasseessaesseesssesassesneesnsersessseesssenssenns 5
2.1.1. EXPerimental deSIZI .....cviicciieiiiiiiiieciie ettt ettt e e tre e e e et v e esseeesbaeesabeesnneseessreens 6

2.2. Data COLLECLION ....c..eieiiitieie e ettt ettt et e et sb e b e e e et e 8
2.2.1.  Live and dead Standing treeS...........ccevvuerrurerrierreeeriissessireteereesseesseesseeesesssesesesseessessseensns 8
2.2.2. Planted live trees in harvested areas ..........coveeeererienieniiie et et 9
2.2.3.  Downed Woody Material............cceeveuiiiiiiiiiiiiieciiieieeree ettt e et e e ere e esebeeenees 10
2.2.4.  Forest floor SAMPIIING.......cccveviiiiiieiieiieeiieertietve et esteesieeseresbeesevesbesbeetaestsessseessessvesensees 11

2.3. CarDOM SSESSINEILS. ...c..eetiutiruieieeteeitet ettt ettt ettt e st eate sttt e e teat et e sbeeatesaeesbeeneeneesaeas 12
2.3.1.  Live and dead Standing treeS...........ccecververireriueerrieiesieeeeseesresereeseeessesseesssessnessnessenns 12
2.3.2.  Live and dead TOOTS.......ccueeuiiiiiriiiieie ettt ettt eae ettt 14
2.3.3.  Downed woody Material..........ccceevieiiiiiiiiiee ettt eee v eve e steste e eesebeeaneeens 15
234, FOTEST TlOOT ..ttt ettt ettt ettt b e bt st et et es et enteebeens 16
2.3.5. Forest carbon acCumulation Tt ...........ecuerueruieriiniieieeie ettt 16
2.3.6.  Carbon stock error propagation eStimation...........cccccueerveeerieeeeerieereeeesieeereeesereesreeeeennes 17
2.3.7. Linear mixed-effect model to estimate differences in Carbon stock 2020 ..................... 17
2.3.8. Edge effect on carbon accumulation in [iVe treeS ..........eevvercveriercieriierere e esireesne s 17

3. Chapter Three. RESUILS .....ccocuuiiiiiirnricsissnieccssssnrrcssssssesssssssssssssssssssssssssssssssssssssssssssasss 19
3.1.1. Carbon stocks 19 years after harvesting...........cccevvveviiiiiiciiieeceeeeeeeee e 19
3.1.2.  Carbon dynamics through time............ccccueiviiiiiiiiiie e 20
3.1.3. Canopy condition effects on individual live tree carbon accumulation rate....................... 24
4. Chapter Four. DiSCUSSION.....uiiiiiiisrrricssssniccsssssnrresssssssassssssssssssssssssssssssssssssssssssssssssssss 26
4.1. Carbon stocks 19 years after harvesting..........cccecveeviieriiieiciiie e e 26
4.2. Carbon dynamics through time ............ccceeviiiiiiiiieiiiecic et 27

v



4.3. Canopy condition effect on individual live tree carbon accumulation rate......................... 30

5. CRAPLEr FiVe.uuuiuiinvrrisiriissricssnricsssnissssnessssnssssssssssssessssssssssssssssssssssssssssssssssssssssssssssoses 31
5.1. CONCIUSIONS ...ttt ettt ettt e e sht et st ea bt et e e sbeesbeesaeeeeae e ebeeentebeenbeenas 31
5.2. Project limitations and fUtUre WOrk...........coveiiiiiiiiiiiiiee et 33

Literature CIted... ueeinneeenseecssencssenncssanccssnnecsnnessnecssssecsssssessssnessssssssssesssssssssssesssssnssssssssssanes 34
J N 0 015316 ) TSP 42

Equations to model hei@hts fOr treeS ......ccuviiiiiiieiiiiii ettt st 42
Allometric equations to estimate biomass fOr trEES .........uiiviierciiieriieiiiiie et eeevee s 43
CWD Carbon stock adjustments by the sampling effort ...........cccceeevieriirciniciieeeceeree e 44
FN 70153 0 e b G 5 SRR 47
Areas per site and TIEATMENTS .....c..eceviiiiiiiiiiiecie e et eetie e ereeeree et e e ebe e et b e beebseessseeesseeeesseeanes 47
F N 7015316 1< TSP 48
Carbon stocks 19 years after harvest ..........ccvecvieciierierie et sene e 48
Carbon stocks in live trees 19 years after harvest...........co.vovvveiiiiieiiiiie e 50
Carbon stocks pre- and poSt-harveSting..........cccueerviieiiiiriee ettt e e eveebeeeseseas 51
F N 015316 -l LTRSS 53
Modelling Carbon stocks in harvested areas ...........ccueevveeiieiiieriieciie ettt ve e erae e 53
FN 070153 0 e b G OO 55
Canopy conditions’ effect on live tree mean carbon accumulation rate.............ccecceveveereenneennenn. 55
Mean carbon accumulation rate ~ Treatment ..........cccoecuieiiiiiiiie et 55
Mean carbon accumulation rate ~ Canopy conditions within each treatment.............c..cccceoene. 56
F N 7015316 1 ORI 57
Linear mixed-effect model for carbon stocks in 2020...........cccceeiiiiiiniiiiiiiiiieeeee e 57



List of tables

Table 1. Characteristics from each of the study sites. Source (Jull et al., 2001; Matsuzaki et

ALy 2073 ettt h bt et h et et b ettt e bt et eatenaes 6
Table 2. The proportion of sampled transects per plot per treatment and site. The missing plots
imply they were not found and surveyed in 2020. ........c.cceoerieniiiinienieneeeeeeeeee e 44
Table 3. Areas (ha) for all the treatments at each study site. The proportion of
harvested/forested areas was estimated based on these areas. ..........c.cceeevverernenieneeniennene. 47

Table 4. Mean and standard error (£95% confidence interval) for LT, LR, DR, DST, CWD,
FWD, FF and total forest C stocks in four forest harvesting treatment units at three ICH study

areas, Units are MgC ha!. Data 19 years after harvest (2020). ..........cccooevevrverererereeererrenennns 48
Table 5. Mean carbon (MgC ha!) from live trees (LT) in 2020 disaggregated by the
contribution from the forested and harvested areas at each Treatment/Site. .............cccuee..... 50

Table 6. Mean and standard error (+95% confidence interval) for five pools (LT, LR, DST,
DR, CWD), and total forest C stocks in four forest harvesting treatment units at three ICH
study areas. Units are MgC ha’!. Data available preharvest (1999), 1 year (2001) and 19 years
After harvest (2020). .oouvieiiie ettt e s e e e e et e e st e e e be e e e beeenaeeennreeenareeens 51
Table 7. Projected carbon stocks (MgC ha!) in planted trees in regeneration plots for 2020.
Data derived from growth and yield curves using SORTIE 7.05 and regeneration survey from
2016. Carbon stocks have already been adjusted by the proportional increase and by the
proportion of the harvested area. .........cc.evieiiieiiiecciee e 53
Table 8. a) Mean, standard error Live tree carbon accumulation rate (MgC year™) given three
canopy conditions within each treatment; b) Live tree mean carbon accumulation rate per
EECALIMIEIIT. ...ttt ettt e et e e st e e st e e st e e ittt e ab e e eab e e e eab e st eeeaeeas 55

vi



List of figures

Figure 1. Location of the study sites at the ICH Northern Wetbelt Trials..........cccccecvveennennnee. 5
Figure 2. Experimental design in the study sites at the Northern Wetbelt trials in British
Columbia: a) East Twin, b) Minnow, ¢) Lunate. All the PSPs are located within the forested
areas of each treatment unit. All regeneration subplots are located within the harvested areas

Of €ach treatment UNIt........ccoiiiiiiiiiiieiieee ettt 7
Figure 3. Left: Structure and dimensions of the PSP located in the forested area of each
treatment. Right: Crew member collecting data from a live tagged tree. ...........ccccveeveeeieennnnns 9

Figure 4. Layout of the permanent sampling plot (PSP) from a partial harvest treatment. To its
left, the gray square represents the associated planted regeneration plot in the harvested areas
(gray background), with the four nested subplots (white circles). Figure adjusted from M. Jull
CT AL, 2002, ..ttt b ettt h ettt b et st e b ne e 10
Figure 5. Forest floor data collection. a) example of a subsample of forest floor (red square)
with the mineral floor (blue square) which was ultimately excluded and not analyzed; b) FF’s
sampling and subsampling design: yellow dots (every 2 m) correspond to each subsample
collected with the core within each PSP; c) final labelled sample of forest floor containing five
subsamples. d) Experimental design to collect forest floor samples in the different treatments.
................................................................................................................................................. 12
Figure 6. Contribution of different carbon pools to mean total ecosystem carbon (MgC ha™')
19 years after harvest in different harvesting treatments in the Northern Wetbelt for 4) across
all three sites and B) Each study site. Treatments are clearcut (CC), Group retention (GR)
Group selection (GS) and unharvest control (UN). Sites are East Twin, Lunate, Minnow.
Colors on bars represent different carbon pools (MgC ha): LT (live trees), LR (live roots),
DR (dead roots), DST (dead standing trees), CWD (coarse woody debris), FWD (fine woody
debris), FF (OreSt flOOT). ...iiiiiiiiiiieciie ettt et e e e e ae e e saveeenaaeeens 20
Figure 7. A) Total ecosystem carbon stocks over time (MgC ha-1) per treatment across all
sites B). Carbon stocks change over time for CWD. C) Carbon stocks change over time for live
trees. D) Forest floor carbon stocks 10 and 19 years after harvest. 10-year post-harvest data
from Matsuzaki et al., 2013. All stocks are in MgC ha™. ........cocoovvvovoiiiiiecceeeeeeeeee e 22
Figure 8. Mean and standard error forest carbon accumulation rate by treatment (Mg C ha-1
year-1) across all sites. CC (clearcut), GR, (group retention), GS (group selection), UN
(unharvested). The rate was estimated based on the live trees (LT) dead standing trees (DST),
live roots (LR), dead roots (DR) and coarse woody debris (CWD) from 2001 and 2020...... 23
Figure 9. A) Ratio of sampled trees by canopy condition in each treatment. The results were
standardized to the area of the PSPs within each treatment across all sites. B) mean and
standard error of live tree carbon accumulation rate (MgC tree-1 yr-1) grouped by treatment
(GS, GR) and by canopy conditions: Edge (E) and Closed (C)......c.cccoveriienieriienieniieieeee. 25

vil



Glossary

AIC
BC
BEC
C

CcC
CDW
DBH
DR
DST

FCrate
FF
FWD
GR
GS

ICH
IWB
LR
LT

PSP
UN

Akaike Information Criterion
British Columbia
Biogeoclimatic zone
Closed canopy

Clearcut

Coarse woody debris
Diameter at breast height
Dead roots

Dead standing trees
Edge canopy

Forest Carbon accumulation rate
Forest floor

Fine woody debris
Group retention

Group selection

Height

Interior Cedar-Hemlock
Interior Wetbelt

Live roots

Live trees

Open canopy

Permanent sampling plot

Unharvested

viii



Acknowledgements

“Once you make a decision, the universe conspires to make it happen.” — Ralph Waldo

Emerson.

I would like to thank my family for their constant love and support. Even at the distance
you provided me with everything I needed at all times. My friends (too many to name them)
who always have stood by me giving me the strength to confront and overcome challenges.
Special acknowledgement to Miguel Arias, who has been there since the beginning of this
journey dealing with the rollercoaster of my emotions at every stage. Thanks for pushing me
with love, patience and perseverance and I really hope I can call you Dr. sooner rather than
later, it will pay off the sacrifice. Thanks to Thomas Beaurepaire for constantly helping me to

work on a better version of myself.

I would also like to give a special thanks to all my committee members Michelle
Venter, Caren Dymond, Phil Burton and Oscar Venter; you have given me the support,
sympathy, wisdom, experience and trust that I needed to succeed with this project, your
contributions played a crucial role at every stage of the research. Thanks for helping me to
build critical thinking and important knowledge in these complex and beautiful forests which

I hope we do not lose.

I want to thank Michael Jull and honor the memory of Bruce Rogers, who established
the amazing trial of Northern Wetbelt; the data collected and your constant insights were highly
valuable for this research. I want to thank for the patience and contributions to this project to
Flora Krivak-Tetley with Carbon modelling, Peter Ott with all the statistical analysis, Doug
Thompson with tree analysis and the CSL colleagues with their time during fieldwork and

insights about the project.

I want to acknowledge the support from UNBC, their facilities and their staff at every
stage of the project. In addition to the Forest Carbon Initiative, the Ministry of Forests and
UNBC for providing the funds. Finally, I want to acknowledge that the land on which I lived
and worked is the traditional unceded territory of the Lheidli T'enneh.

None of this would have happened if everyone and everything in the universe had not conspired

for this.

X



1. Chapter One. Introduction

Forests sequester significant amounts of carbon from the atmosphere and can contribute to
natural climate solutions (Bartowitz et al., 2022; Hudiburg et al., 2019). During 2000-2007,
forests around the globe absorbed 2.3 + 0.5 PgC year™! , and temperate forests contributed 0.8
+ 0.1 PgC year! to these C sinks (Pan et al., 2011). The Interior Wetbelt (IWB) is a major
temperate rainforest ecosystem located on the western flanks of the Canadian Rocky
Mountains (DellaSala et al., 2022). According to the biogeoclimatic ecosystem classification
(BEC) system used in British Columbia (BC), the IWB is located in the wet and cool areas of
the Interior Cedar-Hemlock (ICH) (Jull et al., 2001). The old growth stage is dominated by the
prevalence of large trees of western redcedar (7Thuja plicata) and western hemlock (7Tsuga
heterophylla), which store large amounts of carbon in above and below ground carbon pools

(Matsuzaki et al., 2013; Mildrexler et al., 2020).

In BC, the temperate rainforests are important ecosystems for multiple reasons: they contain
‘antique forests’ that are the outcome of patchy natural disturbances, having forests with
uneven-aged stands (Coxson et al., 2020; DellaSala et al., 2011); they are biodiverse and
sustain complex food web dynamics and important species such as the endangered deep-snow
mountain caribou (Rangifer tarandus caribou) (COSEWIC, 2014; DellaSala et al., 2011); they
are known for having large carbon stocks, with estimates from field plots ranging from 583
MgC ha™! up to 1275 MgC ha’!, being similar to some of the world’s most carbon-dense
temperate forests (DellaSala et al., 2022; Matsuzaki et al., 2013).

However, according to the Red-listed Ecosystem Criteria, forests of the IWB have a critical
ecosystem status (DellaSala et al., 2022). Historical and cumulative logging since 1970 in the
IWB has negatively affected these forests (DellaSala et al., 2022). Clearcutting is the most
common practice of harvesting (Beese et al., 2019), which removes all or nearly all of the
forest cover and creates homogeneous stands with planted regeneration (British Columbia.
Ministry of Forests. Forest Practices Branch, 2003). An alternative to clearcuts are partial
harvest systems, which aim to conserve attributes from the original forest to promote a faster
recovery while retaining habitat and resources for different taxa (Beese et al., 2019; Gustafsson

etal., 2012).



Much of the research on partial harvesting has focused on forest values such as biodiversity
(Fedrowitz et al., 2014; Stevenson et al., 2006) and forest health (Thorpe & Thomas, 2007).
These studies have generally found that partial harvest can support higher levels of species
richness and abundance of forest species than clearcuts (Fedrowitz et al., 2014; Simard et al.,
2020). Moreover, research has found that these systems store more aboveground carbon than
clearcuts converted to plantations 1 year after-harvest (Simard et al., 2020). More specifically
in the IWB, Matsuzaki et al., (2013), found that when accounting only for the carbon
aboveground pools one-year after harvesting, clearcutting reduced carbon stocks by
approximately 85%, relative to an unharvested stand, whereas partial harvest with high forest

retention (>70%) only reduced the stocks by 12%.

In these silviculture systems, the openings could emulate gaps and create forest edges, defined
as the boundary in canopy composition (Saeed et al., 2019). These edges are exposed to a
variety of microclimatic conditions and their effect may influence the forest’s capacity to store
carbon depending on variables such as tree species, edge structure and management (Saeed et
al., 2019). Higher carbon stocks have been reported in the proximity of an edge due to the
interaction of increased light availability, and a higher basal area from young trees (Meeussen

et al., 2021; Reinmann & Hutyra, 2017; Simard et al., 2020).

Although logging is an important disturbance in the temperate rainforests and results in
immediate lower forest carbon stocks (Matsuzaki et al., 2013), it is still unclear how partial
harvesting affects the long-term forest carbon dynamics across multiple pools above and
belowground. It is also unclear how these dynamics can be affected by other variables such as
the edge effect that result from the managed openings after harvesting. The lack of long-term
empirical data on ecosystem carbon stocks, fluxes, and mechanisms in managed forests limits

our ability to manage for carbon.

1.1. Research questions
To address the gaps in the literature, I responded to the following research questions:
1. What are the carbon stocks in aboveground (i.e. living and dead trees, coarse and fine
wood debris) and belowground (live and dead roots and forest floor), before, the year

after and 19 years after harvest?



a. How do these vary across treatments, i.e. Group Selection (GS; high retention),
Group Retention (GR; low retention), Clearcut (CC), and Unharvested forest
(UN)? What is the carbon distribution among the surveyed pools and how does

it change from pre-harvest to post-harvest?

Based on the one-year post-harvest data from a temperate rainforest in the IWB, Matsuzaki et
al., (2013) reported significant reductions in the total carbon stocks from treatments with little
or no tree retention (GR and CC) compared to those with high retention (GS) and unharvested
(UN) stands. For the same study site nineteen years after harvest, I expected to find similar
patterns between the same treatments. Furthermore, I expected no significant differences
between GS and UN carbon stocks. More specifically, the total forest ecosystem carbon 19
years after harvest would follow this order of diminishing magnitude UN > GS > GR > CC,
implying that the higher the forest retention, the higher the carbon stocks.

2. What is the forest carbon accumulation rate between the year after harvest to 19 years
after harvest in partial harvest systems and clearcuts compared to an unharvested

forest?

In a meta-analysis on the impacts of partial harvest on forest structure, Zhou et al., (2013)
found a negative impact on the stocks in the aboveground biomass, which decreased with
harvest intensity. Although the losses induced by partial harvest would be recovered in time,
it is challenging to determine how long it would take to recover given the lack of long-term
available data. By using the data from 2001 and 2020, I expected to find carbon recovery and
gains (positive carbon accumulation) in the treatments with high retention (GS) and UN
treatment while expecting losses (negative carbon accumulation) in the low forest retention

(GR) and CC; in addition, I expect the lower rates of carbon losses in GR compared to clearcut.

3. What forest management in partial harvest treatments create the canopy configuration
or conditions (edge and closed) that promote the highest carbon accumulation rate?
Are canopy conditions in partial harvested treatments (GS and GR) different?
b. Is the live tree carbon accumulation rate different between partial treatments
(not considering canopy condition as a factor)?
c. Is the live tree carbon accumulation rate for each canopy condition different

within the partial harvesting treatments?



Based on Reinmann & Hutyra, (2017) and Meeussen et al., (2021) that have reported faster growth
in trees near the edge than in the forest interior, I expected that the treatment that creates more
edge, and has more trees at these edges (due to harvesting) should have a higher carbon

accumulation rate (GR > GS).

To address my research questions and gaps from the literature, I remeasured a long-term
silvicultural trial 19 years post-harvest and used historical data to estimate multiple
components of the forest carbon dynamics. Overall, the results will help to understand the
impact of different harvesting practices on the ecosystem carbon dynamics over a ~20-year
period. The long-term accounting of these stocks under different silvicultural practices will
contribute to reliable GHG emission estimates from different harvesting practices on the IWB,
and it will support decision-making towards more sustainable forest management as a nature-

based solution for climate change.



2. Chapter Two. Methods

2.1. Study site

The Northern Wetbelt Silvicultural Systems Project is a set of experimental harvesting trials

that compare partial harvesting systems to clearcut and unharvested stands in the Interior

Wetbelt, which is composed of Interior Cedar-Hemlock (ICH) and wetter portions of the

Engelmann Spruce-Subalpine Fir biogeoclimatic zones. The experimental sites were

established between 2000-2001 as part of the BC Ministry of Forests Silvicultural Systems

Program (Wiensczyk, 2012). I collected data in the three Cedar-Hemlock sites: Lunate Creek,

Minnow Creek and East Twin Creek (Figure 1).
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Figure 1. Location of the study sites at the ICH Northern Wetbelt Trials

Inland temperate rainforest forests combine maritime and continental weather conditions

(DellaSala et al., 2011) (Table 1). All sites are dominated by western redcedar (Thuja plicata)

and western hemlock (7Tsuga heterophylla). Other species present, but with lower abundance,



are hybrid white spruce (Picea engelmannii x glauca) and subalpine fir (4bies lasiocarpa) (Jull
et al., 2001; Matsuzaki et al., 2013). Although podzolic soils predominate across all sites,
luvisols are also present. Humus forms were mostly humimor /hemimor and mormoder (Jull

et al., 2001; Matsuzaki et al., 2013).

Table 1. Characteristics from each of the study sites. Source (Jull et al., 2001; Matsuzaki et al., 2013)

Site East Twin Creek  Minnow Creek Lunate Creek

BEC subzone and variant | ICHwk3 ICHwk3 ICHwk2

Elevation (m) 900-1050 900-1050 950-1200

Coordinates 53°30°N 120° 53°28’N 120° 53°50° N 121°
20°0 18°0 28°0

Aspect NW SW N

Area (ha) 26 39.2 72.4

Mean annual 2.3-32 2.3-32 1.9-2.8

temperature (°C)

Mean annual 1169 939 1120
precipitation (mm)

Estimated stand age 300-350 300-350 450-500
Harvesting year 2000 2001 2001

2.1.1. Experimental design

The Northern Wetbelt trial consists of a randomized block design with three to four
silvicultural treatments applied at each site: /) “clearcut” (CC), 0% post-harvest retention; 2)
“group retention” (GR), 30% post-harvest retention; 3) “group selection” (GS), 70% post-
harvest retention; 4) unharvested (UN), no harvest control (Figure 2). Due to constraints in the
treatment layout, the East Twin site is a randomized incomplete block with only three
treatments (i.e. UN, GS, CC), All harvesting was conducted in the winter of 2000 and 2001
and planting was done in 2001-2002 (Jull et al., 2001; Matsuzaki et al., 2013). All harvest was
conducted as complete removal in the sub-set of the treatment block being harvested, i.e. there

was no thinning-type treatment.
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Figure 2. Experimental design in the study sites at the Northern Wetbelt trials in British Columbia: a) East Twin,
b) Minnow, c) Lunate. All the PSPs are located within the forested areas of each treatment unit. All regeneration

subplots are located within the harvested areas of each treatment unit.



2.2. Data collection
To estimate the carbon stocks of above and belowground carbon pools 19 years post-harvest I
collected data on live and dead standing trees, lying dead wood, and forest floor. All field data
collection was undertaken from June to September 2020. Where possible, I adopted the
methods presented in the experiment’s establishment report (Jull et al., 2001). In addition, I
used the historical datasets from pre-harvest (1999) and 1-year post-harvest (2001) collected
by Jull et al., (2001) to estimate forest carbon stocks and examine the carbon dynamics at a

pool level.

The partial harvesting treatments (i.e. GS and GR) resulted in increased forest openings,
creating forest edges and a variety of canopy conditions, which can be measured in different
ways. One of these is with the canopy closure, which is “the proportion of the sky hemisphere

obscured by vegetation when viewed from a single point” (Jennings, 1999).

I conducted a simple visual assessment of the canopy closure, which requires no specialized
equipment, and allowed me to estimate the canopy closure by comparing the area of the canopy
with a standard scale (Jennings, 1999). Although this method has low accuracy, it was enough

to create three categories for the canopy conditions of each tree.

Based on the literature (Andrieu et al., 2018; Jennings, 1999; Land Owner Resources Centre,
2000; Lorber et al., 2018) and the treatment design in the stands, I defined three canopy
conditions within each sampling plot: /) Closed: refers to the remnant natural area within the
PSP, with a higher density of trees, whose adjusted canopy cover >50%; 2) Edge: refers to the
transition zone between the forest interior and the managed openings, where most of the times
it overlapped with the boundaries (“edge”) of the permanent sampling plots, whose adjusted
canopy cover ranged between 40-50%; 3) Open (O): refers to the trees located in managed
openings or natural gaps, whose adjusted canopy cover <30%. The canopy conditions for each
tree were visually established while conducting fieldwork using as reference the previous

definitions and the stand characteristics (Figure 3).

2.2.1. Live and dead standing trees

Rectangular Permanent Sampling Plots (PSPs) measuring 20m x 50m or 0.1 ha were

systematically established in each treatment among all three sites in 2000 (Figure 2). There



were eight to ten plots established per treatment unit (Jull et al., 2001). Each PSP was divided

into four sectors for ease of sampling (Figure 3).

For each live tree (LT) or dead standing tree (DST) tagged in 2001 I recorded data on: /) the
tree species; 2) diameter at breast height (DBH) using a diameter tape (cm); 3) the tree
condition class, which was assessed based on British Columbia’s wildlife tree classification
(B.C. Ministry of Forests and Range & B.C. Ministry of Environment, 2010); 4) canopy
conditions: Edge, Open, and Closed; 5) new trees (e.g. ingress or natural regeneration) with
DBH > 4 cm were tagged, and the same data were recorded, adding the height (H) (meters),

which was measured with an electronic hypsometer.

Figure 3. Left: Structure and dimensions of the PSP located in the forested area of each treatment. Right: Crew
member collecting data from a live tagged tree.

2.2.2. Planted live trees in harvested areas
The harvested areas within the GS, GR and CC treatments were planted with a 50-50 mix of
Western redcedar and Hybrid white spruce in 2001 or 2002. Planted regeneration plots were
established in these areas (Figure 2c). These consisted of four nested subplots (plot radius =
3.99 m, plot area = 0.005 ha) (Figure 4), for which all trees were tagged and flagged (Jull et
al., 2002). The original team led monitoring surveys in 2007 and 2016, collecting tree data

within the regeneration plots, measuring DBH, H, and tree condition.
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Figure 4. Layout of the permanent sampling plot (PSP) from a partial harvest treatment. To its left, the gray
square represents the associated planted regeneration plot in the harvested areas (gray background), with the
four nested subplots (white circles). Figure adjusted from M. Jull et al., 2002.

2.2.3. Downed woody material
Downed woody material was grouped in two categories based on Stevenson et al., 2001: /)
Coarse woody debris (CWD), defined as dead pieces, with diameter less than 7.5 cm, a tilt
angle less than 45° from vertical, intercepting the transect (Harmon & Sexton, 1996); and 2)

Fine woody debris (FWD) pieces ranging between 1 cm and 7.4 cm diameter.

Each plot had a set of three independently directed 24 m line transects with random azimuths.
The original transects established to collect data from CWD in 2001 were used to remeasure
the CWD pieces in 2020 (Jull et al., 2001), and I recorded the FWD pieces for the first time.
FWD pieces were recorded on the same transects but for only half of the distance of the original

transects (i.e. 12 m).

For each CWD and FWD piece, the diameter and length was measured using calipers and a
30m measuring tape; I recorded data on the canopy conditions: Open (O), Edge (E), Closed
(C); new pieces were recorded following the same protocols as Stevenson et al., (2001). The
decay class for the CWD was assessed based on the Field Manual for Describing Terrestrial
Ecosystems (Stevenson et al., 2001); for the FWD, I defined fewer categories based on the
decomposition state: Sound, Intermediate, Decayed. Finally, for the FWD, I also measured size
in three categories: Small (1 cm < diameter > 3.4 cm), Medium (3.5 cm < diameter > 5.4 cm),

and Large (5.5 cm < diameter > 7.4 cm)
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2.2.4. Forest floor sampling
The forest floor (FF) or the O horizon of the soil profile was defined as the dead organic surface
that lies on top of the mineral soil. It includes either recognizable or unidentified organic
material (e.g. small branches and twigs, fallen needles, small roots, dead grasses) (Pearson et
al., 2005; Serniak, 2017). The FF samples were collected using a fabricated stainless steel corer

of 5 cm diameter and 30 cm length, which was mounted on a battery-powered drill.

To reduce the influence of spatial variability, each FF sample consisted of five subsamples,
which were pooled every two meters starting from the plot centre up and downhill (Figure 5b).
Each core subsample was placed and sorted on a recipient trough (“bed”) to separate it from
the mineral soil, which was excluded from the sample and not analyzed, and subsequently I
recorded the FF’s thickness (cm) with a metric ruler (Figure 5a). Each sample was stored in a
plastic bag with a unique ID (Figure 5c) until returned from the field, then was stored at the
Enhanced Forestry Lab at UNBC, and then shipped to Victoria, BC, to the Analytical
Laboratory to estimate its dry weight (in grams, g), and Carbon (g) and Nitrogen content (g).

A total of 249 FF samples were collected. The number of samples varied according to the
treatment unit: in UN and CC, I collected two samples per PSP. In the partial harvesting
treatments (GS, GR) I collected three samples per PSP in the different canopy conditions (O,
E, C) (Figure 5d).

The sample processing included several key steps: Each sample was dried at a constant
temperature of 70°C and then weighed. Subsequently, the sample underwent flail grinding to
reduce its consistency to a particle size of less than 2mm. Additionally, a subsample was taken

and ring-ground for carbon and nitrogen analysis.
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Figure 5. Forest floor data collection. a) example of a subsample of forest floor (red square) with the mineral
floor (blue square) which was ultimately excluded and not analyzed; b) FF’s sampling and subsampling design:
vellow dots (every 2 m) correspond to each subsample collected with the core within each PSP; c) final labelled
sample of forest floor containing five subsamples. d) Experimental design to collect forest floor samples in the
different treatments.

2.3. Carbon assessments
2.3.1. Live and dead standing trees
Carbon stocks were defined as the amount of carbon stored in both live and dead biomass
above and below ground at one point in time (Hoover & Smith, 2023), whose estimations were

in megagrams of carbon per hectare (MgC ha™) .

For live trees (LT) I estimated the biomass or the dry weight, using species-specific allometric

equations (Ung et al., 2008) based on the height (H) and (DBH) (Appendix A, Allometric

equations). Since heights for trees were not collected in 2020, I modelled the height for each
tree, using species-specific DBH:H relationships derived from quadratic equations, using as a
reference value the historical databases collected at the Northern Wetbelt trial (Jull et al., 2001)

(Appendix A, modelling equations).

The obtained biomass (kg) was calculated at a tree level and converted to megagrams. All trees
within each PSP were summed to get to a plot level value, which was then converted to per

hectare units by multiplying by an expansion factor derived from the PSP-specific dimensions,
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and finally converted to carbon per hectare (MgC ha™') by multiplying a factor of 0.5 (Pearson
et al., 2005).

For each treatment, I divided the harvested/unharvested portions into two strata: /) retained
areas, which corresponded to the forest that remained in the treatment unit after harvesting,
and 2) harvested areas, which corresponded to harvested areas of each treatment unit (Figure
4, Appendix B, Table 3). To get the total carbon stock for the treatment within each stratum,
carbon per hectare values were applied to these units and then divided by the total area of the

treatment unit to get a stand-scale per hectare carbon value.

Carbon stored in planted live trees within the harvested areas in the CC, GS and GR treatments
was estimated using data collected in 2016 within the regeneration plots, whereas carbon for
Dead Standing Trees (DST) was considered negligible based on field observation of the
treatment units and exploratory database analysis. Carbon estimations for LT here followed
the same protocols as the retained areas, estimating the biomass using species-specific
allometric equations (Ung et al., 2008), adjusting by the plot area factor and multiplying by 0.5
(Pearson et al., 2005). To estimate 2020 carbon stores, the 2016 measurements were used to
parameterize growth and yield curves within SORTIE 7.05 (Canham & Murphy, 2001) to
estimate 2020 carbon stores (Appendix D).

To estimate carbon in the Dead standing trees (DST), 1 used Equation 1, which incorporates
decay-related variables that helps to reduce uncertainty when accounting for carbon in this

pool (Russell et al., 2015):

Equation 1. Carbon on Dead Standing Trees (DST). Adjusted from Russell et al., 2015.

DSTC = DSTBIO * DCRFSDTkn * C — CONCSDTkn

Where, DSTc is dead standing carbon (MgC ha-1), DSTsio 1s the dead tree biomass which was
obtained from species-specific allometric equations (Ung et al., 2008), and DCRFpsrin 1s the
decay class reduction factor, which refers to the ratio of the density of a decomposed piece to
that of a non-decomposed piece of a given species group (i.e. softwood versus hardwood)
(Russell et al., 2015). The tree condition of all recorded DSTs was based on the British
Columbia’s wildlife tree classification (B.C. Ministry of Forests and Range & B.C. Ministry

of Environment, 2010) and used as a reference to obtain the values from Harmon et al., (2011).
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C-CONCpsrin values are the C concentrations for DST in a given species group (i.e. softwood
versus hardwood), which change throughout the decomposition process (Russell et al., 2015),
and were obtained from Harmon et al., (2013). DST estimates for all trees were summed for

the plot, and then expanded based on the plot dimensions.

2.3.2. Live and dead roots
Data from live and dead roots was not collected during fieldwork. However, to account for
the carbon in the /ive roots the estimations were as a function of total live tree biomass on a
per-unit-area basis (MgC ha™). I used equations for conifer and deciduous species (Equation

2) from cold temperate and boreal forests (Li et al., 2003).

Egquation 2. Equations and error terms to estimate root biomass for softwood and hardwood (Li et al., 2003).

RB; = 0.222 LT (0.222 £+ 0.004) Estimation for softwood species
RB, =1.576 LT?I'615 (1.576 £ 0:267; 0.615 £ 0.035) Estimation for hardwood species

Where, LT, and LTy, are total live tree biomass (MgC ha™') of softwood and hardwood,

respectively, which then was converted to carbon.

The carbon remaining in the dead roots (MgC ha™') was estimated using the Equation 2 for
biomass and using a time dependent decay function (Equation 3) (Wang et al., 2012). This
pool entails the combined contribution from the harvested and retained forested areas: /) to
estimate root biomass from the harvested trees in the CC, GS and GR treatments, I used the
preharvest data which was further adjusted by the proportion of the harvested areas at each
treatment; 2) in retained areas, root biomass was estimated from dead trees located in the post-

harvest sampling plots, with further adjustments by the proportion of the retained areas.

Equation 3. Equation to estimate carbon remaining in decaying dead roots at different times since harvest

(Wang et al., 2012).

— -0.1044
Y =X el *year)

where 7Y, is the carbon remaining; X, is the initial quantity of carbon using 2001 as the
reference year; e, is the base of natural logarithms (2.718); -0.1044, is the decay coefficient;

and year is the number of years since harvest.
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2.3.3. Downed woody material
The CWD and FWD sampling followed the same methods as Jull et al., (2001). Volume per
hectare was estimated from each single-line transect surveyed using the Equation 4 and

Equation 5.

Carbon (MgC ha'') was estimated for each transect and was calculated using Equation 6, by
multiplying the volume (m**ha™!), the decay class reduction factor (DCRFcwbpkn), the carbon

concentration (C-CONCcwpkn) and the decay class densities (WDcwp) (Russell et al., 2015).

Equation 4.Volume estimation (m3*ha-1) for round pieces (Marshall et al., 2000)

2
T

CWD volume, ,,q(m> * ha™1) = 7 E d?

=1

*

where d is the diameter of the round piece (cm); L is the length of the transect (24m).
Equation 5. Volume estimation (m3*ha-1) for odd pieces (Marshall et al., 2000)

WsxH
L

CWD volume, g (m3 « ha™1) = z

j=1
where W is the width (cm) of the odd-shape piece; H is the height (cm) and L is the length of
the transect (24m).

Equation 6. Carbon on downed woody debris (CWD), adjusted from Russell et al., 2015.
CWDC = Vol * DCRFCWDkn * C— CONCCWDkn * WDCWD

where CWDc is the carbon (MgC ha™'); Vol is the total volume (m**ha’!) in a given transect;
DCRF cwpia 1s the decay class reduction factor of a given species group (obtained from Harmon
et al., (2011); C- CONCcwpin 1s the C concentration for CWD in a given species group and
was obtained from Harmon et al., (2013); WDcwp is a species-specific decay class density and
was obtained from Harmon et al., (2008). Each PSP had associated three CWD transects whose
carbon was summed for a final value per plot; subsequently, based on the PSP values, I

calculated the mean, SD, and SE from these plots by treatment and site.

CWD carbon estimations were based on the 2001 databases from Jull et al., (2001) and the

2020 fieldwork. To estimate the pre-harvest (1999) values, I used the carbon stocks from the
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unharvested treatment (control) at each site from 2001 and applied them to the other treatments.
Comparing treatments with historical control data can provide valid estimates of outcomes in

the absence of the harvesting treatments (Paulus et al., 2014).

Since the transects are ~20 years old and had little to no maintenance, not all the transects and
CWD pieces from the 2001 survey could be found in 2020. To compensate for the missing
information and to account for differences in the sampling effort between the two years, |
adjusted the carbon in each plot by dividing it by its respective proportion of sampled transects
(Appendix A, Table 2). Carbon per plot was used to estimate the mean, SD, and SE by
treatment and site. This procedure allowed more accurate stock estimation, considering

variations in survey efforts.

2.3.4. Forest floor
The carbon estimations (g C) from the FF laboratory results were transformed into MgC and
the methods are consistent with Matsuzaki et al. (2013). To estimate the area sampled (m?), 1
accounted for the number of subsamples in each sample and the core cylinder (m2) area used
to collect the FF. To extrapolate the stocks on a per-hectare basis, I used expansion factors
indicating the area each sample represents. These were calculated as the area of one hectare
(10000 m?) divided by the total area sampled. This value was subsequently multiplied by the
carbon content obtained in the lab to get MgC ha’!, which was further summarized by
treatment.

2.3.5. Forest carbon accumulation rate
The forest carbon accumulation rate (FCy.e) was defined as the average annual change in
carbon stocks following harvest (Hoover & Smith, 2023). It was calculated from the
remeasurement of the same pools in 2020 that were originally surveyed in 2001, expressed as

Mg C ha™! yr'! (Equation 7).
Equation 7. Estimation of the forest carbon accumulation rate

FC _ (LT, + DT, + LRy, + DR, + CWD,,) — (LTy4 + DTy + LR,y + DR,y + CWD,,)
rate —
At

Where, LT and DT is the carbon stock in the live and dead trees, LR and DR is the carbon stock

in live and dead roots respectively, and CWD is the carbon stock in the coarse woody debris.
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t1 1s year one post-harvest, 2 is year 19 post-harvest, and Az is 18. All pools were estimated on

a per hectare basis (MgC ha™).

2.3.6. Carbon stock error propagation estimation
Given the high variability from each pool, the combination of errors is not linear, therefore it
cannot be summed in a straightforward calculation. To estimate the total error associated to
each total carbon mean (MgC ha™') per treatment, I used as input the standard error from each
pool and applied the Monte Carlo method. This technique uses repetitive calculations to find

the empirical distribution of the data by randomly changing the input (Anderson, 1976).

2.3.7. Linear mixed-effect model to estimate differences in Carbon stock 2020
I used a mixed-effect model to test for significant differences among the pools and the
treatments 19 years after harvest, using the pool, treatment, and their interaction as fixed
effects, while using the site and the treatment as random effects to account for other sources of
variability. All the analyses were conducted in R (RStudio, 2020) and considered significant
when a < 0.05. In addition, I used the estimate marginal means (emmeans), a post-hoc test
derived from the best fitted model to identify whether a given interaction of treatment/pool
was significant or not. To control for the normality of the residuals (heteroscedasticity), I

included a function where the residual variance by pool was weighted (Appendix F).

Ime.allsites Ime3 <- Ime(Carbon_mean ~ Treatment*Pool, random = ~1 | Site/Treatment,

data=Carbon_dataset, weights = varldent(form = ~ 1 | Pool) )

2.3.8. Edge effect on carbon accumulation in live trees
To assess the edge effect on carbon accumulation in live trees, I accounted for the canopy
conditions of the edge and closed, from each tree within the PSP in the partial harvesting
treatments (i.e. GS and GR). I removed the trees in Edge from natural gaps (as natural
disturbance), to assess on/y the edge effect from gaps due to harvesting. In addition, I removed
from the analysis the trees from the open canopy conditions since these were mostly planted

trees located in the managed harvesting opening gaps

To calculate the individual tree carbon accumulation rate (MgC yr!), I used the Equation 8

and the estimated carbon (MgC) per tree from the PSPs in 2001 and 2020 from both partial
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harvest treatments. These values were subsequently used to estimate the mean carbon

accumulation rate per treatment and per canopy condition within each treatment.

Equation 8. Estimation of individual live trees' carbon accumulation rate

(LTth - LTtln)
At

L Trate m =

where LT}, is the carbon stock (MgC) one year post harvest in each individual tree (n); L7724
is the carbon stock 19 years post- harvest from the same tree (n); A¢ is 18 years. The results

were standardized to the area of the PSPs within each treatment across all sites.

To test whether the canopy conditions within each treatment and the treatments themselves
affected the live tree carbon accumulation differentially, I used the Kruskal-Wallis test, a non-
parametric analog to the one-way ANOVA to compare the groups of interest (Hui, 2018).
Furthermore, I applied a Dunn test, a post-hoc test for multiple pairwise comparisons (Dinno,
2015) and compared /) the mean rates between the treatments without accounting for the

canopy conditions, and 2) the mean rates given in two canopy conditions within each treatment.
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3. Chapter Three. Results

3.1.1. Carbon stocks 19 years after harvesting
As expected, 19 years after harvest, UN and GS stored the most total ecosystem carbon (475.3
+ 19.7 and 449.5 + 32.2 MgC ha’!, respectively) (Figure 6a, Table 4), with no statistical
differences in all measured pools (Appendix F). The stocks were followed by GR and CC
(192.9 + 14.6 MgC ha! and 36.3 + 11.9, respectively) (Appendix C, Table 4), where partial

harvest and UN showed significant differences in the pools LT, LR, DST and DR compared to
CC (Appendix F).

UN had higher stocks than GS across Minnow and East Twin, but not in the oldest site, Lunate,
where 19 years after harvesting the GS stored more carbon than UN (571.45 + 62.17 MgC ha
"and 514.61 £ 31.13 MgC ha’!, respectively) (Figure 6b), which was likely due to higher pre-

harvest carbon stores within the areas subjected to GS.

Across all three sites, live trees contributed an average of 59% of the total ecosystem carbon
in unharvested forests. As expected, as the levels of retention decreased so did the LT
contribution, where it accounted for 63% in GS, and 28% in GR (Figure 6a; Appendix C, Table

4).

In treatments with little or no forest retention (GR and CC), CWD made the largest contribution
to the total carbon stores (42% and 45%, respectively) (Figure 6b). Forest floor stores remained
fairly consistent across all treatments 19 years after harvest, with a larger contribution to total

ecosystem carbon in CC with 45% (Appendix C, Table 4).
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Figure 6. Contribution of different carbon pools to mean total ecosystem carbon (MgC ha!) 19 years after harvest
in different harvesting treatments in the Northern Wetbelt for 4) across all three sites and B) Each study site.
Treatments are clearcut (CC), Group retention (GR) Group selection (GS) and unharvest control (UN). Sites are
East Twin, Lunate, Minnow. Colors on bars represent different carbon pools (MgC ha™): LT (live trees), LR (live
roots), DR (dead roots), DST (dead standing trees), CWD (coarse woody debris), FWD (fine woody debris), FF
(forest floor).

3.1.2. Carbon dynamics through time
Contrary to my prediction, none of the three harvested treatments showed an increase in total
ecosystem carbon from one year to 19 years after harvest (Table 6, Figure 7a). This might be
partially explained by the opposing dynamics across the most important pools, meaning the

gain in the live tree pool did not exceed the loss in others, notably the CWD.

One year after harvest, CWD increased proportionally to the amount harvested in each TU,
with CC storing the highest stocks in this pool. However, in 2020 this pool showed an
important decrease especially in CC with over a 50 percent reduction, indicating a large source

of ecosystem carbon losses (Table 6, Figure 7b).

On the other hand, live tree C stocks in the harvested treatments experienced a decrease from
harvesting, but by 2020 all treatments showed an increase in this pool. The increase in these

stocks is mostly attributed to the growth from the mature live trees in the retained areas, while
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planted trees in the regeneration areas contributed very little of these stocks (Appendix C,
Table 5, c).

Forest floor carbon stores remained fairly consistent across all treatments between year 10
(first year pool was measured) (Matsuzaki et al., 2013) and year 19 after harvest. CC had the
largest proportional increase of 0.4 (from 37.5 to 52.5 MgC ha!). GS and GR also experienced
slightly lower proportional increases (0.35 and 0.25, respectively), while the unharvested

control showed almost no change (Figure 7Figure 7d).

21



A) Total forest carbon Stocks

500 4

4501

4001

350

2501

Mean Carbon (MgC/ha-1)
@
o
o

2004

150 1

100

50

Treatment
- CC
- GR
- GS

0 2 4 6 8 10 12 14 16 18
Year after harvest

C) Live Trees Carbon stocks

20

350

300

- N N
o =3 o
=] =3 =]

Mean Carbon (MgC ha-1)

S
=]
=]

50

.

Treatment

- CC
— GR
GS

.

2 4 6 8 10 12 14 16 18
Year after harvest

B) cwb Carbon stocks

150

N
o

Mean Carbon (MgC ha-1)

~
o

50

Treatment
* CC
—* GR
- GS

0 2 - 6 8 10

12

14

Year after harvest

D) Forest floor Carbon stocks

65

o
o

Mean Carbon (MgC ha-1)
»
&

351

251

Treatment
-~ CC
- GR
—- GS

*= UN

0 2 4 6 8 10 12
Year after harvest

14 16 18 20

Figure 7. A) Total ecosystem carbon stocks over time (MgC ha-1) per treatment across all sites B). Carbon stocks
change over time for CWD. C) Carbon stocks change over time for live trees. D) Forest floor carbon stocks 10
and 19 years after harvest. 10-year post-harvest data from Matsuzaki et al., 2013. All stocks are in MgC ha™.
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Converting total carbon stock from different survey years (2001 and 2020) to carbon
accumulation rate, I found that losses in CC (-7.1 £ 1.75 Mg C ha ! yr'!) were at least five
times the rate compared to GR (-1.3+1.21 Mg Cha! yr'), GS (-1.3£2.5Mg C ha! yr'!) and
UN (0.4 + 1.6 Mg C ha"! yr'!) (Figure 8). This negative rate was driven by a loss of carbon in
CWD, DR, and DST that was not compensated by the carbon gain in LT and LR (Figure 7b),
reinforcing my findings about the opposite effects from some pools in the total ecosystem
carbon, leading to no recovery in their stocks towards their pre-harvest values within a 19 year

window.

Forest carbon rate

0.0

)
i

Rate (MgC ha-1year-1)

cC GR Gs UN
Treatment

Figure 8. Mean and standard error forest carbon accumulation rate by treatment (Mg C ha-1 year-1) across all
sites. CC (clearcut), GR, (group retention), GS (group selection), UN (unharvested). The rate was estimated
based on the live trees (LT) dead standing trees (DST), live roots (LR), dead roots (DR) and coarse woody debris
(CWD) from 2001 and 2020.
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3.1.3. Canopy condition effects on individual live tree carbon accumulation rate
I found both partial harvest treatments created all canopy conditions but in different
proportions; mature live trees were mostly in closed canopy but in different ratios: in UN it
was 99.5%, GS 62%, and GR 61% (Figure 9a). As expected, GR had the highest proportion of
trees in the edge (38%), followed by GS (36%) and UN (0.4%), however GR also had fewer
individual trees contributing to a lower FC4e (Appendix E, Table 8a).

Contrary to expectations, I found the high retention treatment (GS) created the gap conditions
that promoted the greatest carbon accumulation rate in LT, which as a result, contributed to
higher total carbon stocks in this treatment. Among both of these treatments, I found significant
differences, where GR had a lower mean rate (0.0007 £ 0.00003 MgC yr'!) than GS (0.002 +
0.00007 MgC yr'!), and GS had a higher rate than the unharvested stands (0.0017 £ 0.00005
MgC ha! Yr'!), Kruskal-Wallis = Chi square =182.19, df = 2, p < 0.01) (Appendix E, Table
8b; Figure 9b). I also found significant differences in the rate between the canopy conditions
within the treatments, where trees located at the edge had higher accumulation rates than trees

in closed canopy (Dunn post-hoc test, p < 0.001) (Appendix E, Table 8a; Figure 9b).

Altogether, my results show that, as predicted, harvesting gaps had a positive edge effect on
tree growth, with trees at the edge growing faster than the ones in the interior, leading to
enhanced FC rates in both treatments. However, the rates are also affected by the overall
amount of retained trees whereby GS benefits the most by showing the highest rate at the stand

level.
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Tree ratio by canopy condition
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Figure 9. A) Ratio of sampled trees by canopy condition in each treatment. The results were standardized to the

area of the PSPs within each treatment across all sites. B) mean and standard error of live tree carbon
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accumulation rate (MgC tree-1 yr-1) grouped by treatment (GS, GR) and by canopy conditions: Edge (E) and
Closed (C).

4. Chapter Four. Discussion

4.1. Carbon stocks 19 years after harvesting
My research aims to provide insights into the long-term forest carbon dynamics under different
silviculture practices, up to 19 years after harvest in the IWB. To do this, | measured and
examined carbon stocks from different pools and estimated the carbon accumulation rates,

including individual tree responses to canopy conditions and analyze historical data.

My results support that the carbon stored in these temperate rainforests can fluctuate depending
on the forest management practice. In unharvested carbon forests, I found that total carbon
stocks are 426.5 + 19.6 MgC ha'!. After 20 years, the total C stocks in high retention (GS) were
reduced by 18% of pre-harvest levels, the low retention by 59% and CC by 82%. Perhaps most
surprisingly, I found net negative carbon flux in all harvest treatments, even in light harvest,
19 years after logging occurred. Although the forest carbon stocks from the partial harvest
treatments have not shown a recovery, they have been quite stable with significantly less

emissions in high retention.

In the same forests stands, Matsuzaki et al. (2013) found that UN and GS stored more carbon
than GR and CC immediately after harvest. Their results also highlighted the importance of
these temperate rainforests as carbon stores and that harvesting led to a significant reduction
in LT stocks by removing large trees, the most dynamic pool in carbon sequestration. In
addition, recent research from other field plot calculations in the managed stands from the IWB
region reported an average carbon estimate from the live above and belowground biomass of
433.81 Mg C ha! (DellaSala et al., 2022). Other ICH stands in the interior of BC reported total
ecosystem carbon estimates from 260.8 MgC ha™! to 564.7 MgC ha™!, with live trees as the pool
with the largest percentage of storage (Roach et al., 2021). My findings are comparable to those
reported elsewhere, with differences possibly due to the methods used to estimate carbon,
forest stand characteristics (stand age, site productivity), uncertainty associated with

differences in the collection and management of data, etc.

My results highlight that silvicultural practices including partial harvest have a negative effect

on the forest carbon stocks in mature to old-growth forest stands in rainforests from the interior
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Northern Wetbelt. This reduction is proportional to the amount of forest harvested and within

~20 yr after harvest, it shows no recovery towards their pre-harvest stores.

4.2. Carbon dynamics through time
One significant aspect of my study that adds to previous research is the contribution of different
carbon pools through time and their interaction. I found there were opposing trends of
increasing stocks in the live trees and the decreasing stocks in the CWD, with the net result of
no recovery of ecosystem carbon stores compared to the pre-harvest condition. Understanding
the dynamics and the interactions between the pools is important to gain insights into the ability

of mature rainforests to recover carbon stocks after alternative logging practices.

In unharvested forests, I found that 59% of the total forest carbon stock is stored in the LT. In
addition, across all sites and harvesting treatments, this pool showed an increase in their stocks
compared to the one year after harvest, where my results showed that high retention of mature
live trees is key to maintaining and increasing the carbon stocks up to 20 years of harvest.
Because of a large tree’s allometry, even smaller increases in diameter correspond to
significant increments in the carbon stocks. Mildrexler et al., (2020) reported that while a tree
with 25cm DBH could store 90-121 kg of aboveground carbon, a tree with 50 cm DBH could
hold between 541-583 kg of AGC.

The patterns found in the LT in the Wetbelt trials are aligned with other research across the
province. For instance, Simard et al. (2020) reported that live trees accounted for 50% of the
total carbon stocks in different forests across British Columbia, which experienced reduced
stocks in proportion to harvesting intensity. Specifically, in the forests of the IWB, DellaSala
et al. (2022) found that about half of the carbon is sequestered in LT, and the rest is grouped
in the dead pools and soils, highlighting the importance of leaving CWD in forests after harvest
for climate mitigation. In the Northern Wetbelt trials, using one-year after harvest data,
Matsuzaki et al., (2013) reported a similar pattern, with live trees accounting for > 50% of the
ecosystem carbon whose stocks were reducing proportionally to the amount of forest

harvested.

CWD on the other hand, showed an opposite trend to the LT with decreasing stocks over time.
Due to harvesting, the partial harvest treatments and CC increased the carbon stocks in this

pool. However, ~20yr later this pool has decreased the stocks particularly in CC losing 63%
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of the stores. Based on the one-year after harvest data for the Northern Wetbelt trial, Matsuzaki
et al., (2013) although reported lower stocks compared to the ones from this research, they
found the same pattern with CC having the greatest stocks, whereby differences between the
stocks are likely due to the carbon estimation method. In addition, Farnell et al., (2020) found
similar patterns in the CWD from an ITR, with clearcuts having a larger proportion of CWD
pieces one-year after harvesting compared to unharvested stands. However, 27 years after
harvest, the pieces’ decay class varied with the retention level, with CC having a smaller

proportion of less decayed pieces than UN stands.

Environmental factors such as differences in the temperature and humidity between treatments
could also explain the more rapid decomposition and therefore the carbon depletion in CC than
in the other treatments, where research has demonstrated a positive effect of temperature on
decomposition rates. For instance, Magnusson et al., (2016) found decreasing carbon stocks in

CWD under increasing temperatures in subalpine forests.

Moreover, the CWD pool is not only relevant for its carbon storing capacity, but also for other
values such as providing suitable habitat for wildlife. Farnell et al., (2020) reported that inland
temperate rainforest stands with high levels of retention (>70%) had similar favorable habitat
conditions as unharvested areas for the American marten (Martes americana), a CWD-
dependent mammal. Furthermore, Magntisson et al., (2016) found that CWD may also enhance
the microbial community’s abundance and diversity, which helps decompose these pieces and
can contribute to the soil C stocks. Therefore, if enhancing multiple values in forest
management is a goal, partial harvesting can achieve this through the maintenance of high

CWD stocks.

Although the carbon stored below ground (in the forest floor) tends to be slow to respond to
disturbances, it had important contributions to the total forest carbon and was also affected by
harvesting practices. In the case of the Northern Wetbelt trial, there is no one-year after-harvest
data from this pool to estimate the stocks. Instead, I compared my FF results to the values 10
years after harvest from Matsuzaki et al., (2013), where my stocks were slightly higher,
suggesting a carbon input from other pools (e.g. CWD, snags, roots, etc.) and a valuable
contribution to the total carbon, particularly in CC with 45%. Nave et al., (2010) found that FF

is more susceptible to carbon loss due to logging than mineral soils, where FF decreased by 30
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+ 6% following timber harvesting; in addition, this loss was smaller in coniferous/mixed stands

(-20%) as opposed to hardwoods (-36%).

Contrary to my prediction, I found negative F'C4e, for all treatments, implying overall carbon
losses. The rate varied among the treatments and depended on the forest stocks from 2001 and
2020. Based on the contribution and the dynamic from each individual pool, these results
highlight the importance of estimating carbon flux and stocks using as many pools as possible.

Using only a few of them (e.g. live trees) could lead to biased or inaccurate results.

When comparing the FC,ue among the treatments, I found GR and GS had smaller net carbon
losses than CC but higher than UN. This may be partially explained by tree retention per se,
where live trees are crucial in contributing to the total forest carbon stocks. In addition, since
partial harvest results in multi-cohort stands from natural and planted regeneration, the carbon
accumulation in LT is likely enhanced by the growth of younger trees, highlighting the

potential influence of the forest age on carbon accumulation rates (Hoover & Smith, 2023).

Hoover & Smith (2023) found higher rates of carbon accumulation in younger forests
compared to older stands, where the rates ranged from 3 tC ha ! yr!to 0.03 tC ha ! yr,
whereas in the oldest stands the highest accumulation rate reached was 1.33 tC ha ™! yr'!. In
addition, Gray et al., (2016) reported in the Pacific Northwest National Forests, USA, that
carbon accumulation rate was affected by the site productivity, the plant community type, and
the forest age, reaching the greatest values in forests with larger proportions of younger stands

and declining as the forests mature while reaching their stocks’ maximum capacity.

Despite having an increase in the LT and have no apparent disturbances from forest
management, the unharvested treatment also showed net carbon losses. The negative flux was
driven by decomposition of the dead carbon pools, which includes DST, CWD, and DR, where
it is likely these stands had higher than normal amounts of carbon stocks at the time the
experiment was established, possibly due to a widespread disturbance in the forests, such as
windthrow, within the preceding decades, and then experiencing carbon decrease from CWD,
DST and DR pools. Another potential factor contributing to faster decay in these pools is global
warming, where Magnusson et al., (2016) reported positive correlations between increasing

temperatures and wood decay. A final interacting factor in the carbon stocks trend is the site
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and stand-level differences across all study sites, where Gray et al., (2016) reported differences

in carbon given the forest age.

Altogether, the unharvested treatment had negative FC, 4. but it had the largest carbon stocks.
These findings are aligned on the one hand, with Luyssaert et al. (2008) who highlighted the
critical role of old-growth forests as carbon sinks; on the other hand, with Gray et al., (2016)
and D’Amato et al., (2011), who suggested that despite large trees are important carbon stocks,
they play a minor role in additional C accumulation, which can be relevant when managing

forests for a particular objective/value.

4.3. Canopy condition effect on individual live tree carbon accumulation rate
The high tree retention (GS) creates the best conditions that benefit carbon sequestration,
especially near the edge. These results, although not intuitive, might be explained by the
interaction of multiple variables such as the amount of forest retained, presence of large trees,
stem density, basal area, forest age, and size of the gaps, among others (Meeussen et al., 2021;
Saeed et al., 2019; Ziter et al., 2014). In the Northern Wetbelt trial, higher retention of large
trees contributes to a more significant carbon accumulation rate, which could be potentially
enhanced by the contribution of the ones located near the edge, whose rates would be higher
due to access of more resources such as light availability (Reinmann & Hutyra, 2017; Ziter et

al., 2014).

My results show that higher landscape fragmentation and lower forest retention can weaken
the forest carbon stores to a point where the enhanced growth from the LT at the edges cannot
compensate for the loss. These gaps can also alter microclimatic variables (e.g. temperature,
humidity), increasing the trees’ stress levels, particularly during drought and hot seasons
(Reinmann & Hutyra, 2017). Gap impacts forest in other ways as well, for instance Coates &
Burton (1997) found that different gap sizes come with a particular combination of light
regimes and other microclimate attributes which leads to vegetation responses and affects seed

germination and seedling mortality.

Meeussen et al. (2021) found that higher aboveground carbon stocks near the forest edges than

the interior across Europe were attributed to increased stem density. In the temperate broadleaf
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forests in the USA, Reinmann & Hutyra, (2017) consistently found more forest growth at the
edge than the interior, however, the magnitude of that difference was subject to annual
variations in climate, with heat stress as an important explanatory variable. Projections predict
that by the end of the century, the forest edge growth could be reduced by one-third due to heat

stress.

Therefore, in the case of these rainforests having multicohort stands, high forest retention
would lead to a higher carbon accumulation rate in live trees, particularly at the edge from gaps
due to harvesting. Nevertheless, given the site’s environmental conditions, a ~20-year window
is not long enough timeframe for the trees in the partial harvest treatments to recover their pre-

harvest stocks.

5. Chapter Five

5.1. Conclusions
In the mature to old-growth temperate rainforests from the Northern Wetbelt region, the stands
have developed from complex interactions of natural disturbances through centuries, allowing
them to build up very large carbon stocks across the pools, highlighting one of the many values

of these rare and important ecosystems.

This research is one of the few to report field data on the longer-term effects of timber
harvesting on the forest carbon stocks in the above and belowground pools for the ITR in the
Wetbelt region. Quantifying carbon stocks using empirical data demonstrates how harvesting
practices affect pools differentially and highlights the crucial role of the temperate rainforests
in storing large amounts of carbon, while using these ecosystems as a climate-based solution
when accounting for carbon stocks contributions to Canada’s National Determined

Contribution (NDC) under the Paris Climate Agreement.

As expected, all aboveground pools from partial harvest treatments stored more carbon stocks
than clearcut systems. However, within ~20-years, although all treatments kept the carbon
stocks relatively stable, they did not recover their pre-harvest carbon stocks. The opposite
effects of the increasing carbon stocks in LT and decreasing in the CWD, along with the net

losses from the F'Cra (including in the UN), highlight the complexity of these ecosystems and
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provide insights about the susceptibility and recovery time to disturbances such as harvesting

in these stands.

When managing these forests for economic purposes, logging practices that aim for high forest
retention (GS), although they show some potential for forest management, my results show
that it will take more than 20 years to recover the carbon stocks to pre-harvest values. In
addition to these recovery times due to harvesting, it is crucial to account for other variables
such as structural stage, environmental conditions, and natural disturbances (e.g. wildfires and
insects) (Burton & Boulanger, 2018; DellaSala et al., 2022), whose interaction could lead to

prolonged recovery times towards the pre-harvest carbon stocks.

Live trees had positive carbon accumulation rates despite the net losses in forest carbon
accumulation rates. When accounting for the C accumulation in the partial harvest treatments,
the amount of retained trees was more important than the canopy conditions created by the
edge effect. These results underscore the importance of retaining large, mature trees for a long-
term carbon reservoir, while playing crucial roles in sustaining complex food webs and
biodiversity. These values should be considered when managing temperate rainforests with

similar characteristics.

Finally, the long-term research trials throughout the province of BC are critical study sites
since they provide baseline data that can produce high-value information to support decision-
making toward more sustainable forest management. Results from the Interior Wetbelt
research trials suggest that given the importance of these inland temperate rainforests for
multiple values and its critical status, a precautionary approach for management should be
taken, aiming to protect the complexity and diversity inherent in these ecosystems. Actions at
the landscape scale could include the retention of Old Growth Management Areas (OGMAs),

riparian areas, visual corridors and rare ecosystems (Stevenson et al., 2011).
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5.2. Project limitations and future work
One of the limitations was time for data collection and my inability to include more pools such
as mineral soil. The mineral pools are important contributors in temperate forests; however
they are the most stable pool in response to harvesting (Nave et al., 2010). Collecting data from
more pools and data availability for pre- and post-harvest for all pools could have provided
more insights into the long-term effects of silviculture practices on the carbon dynamics at the

IWB.

Due to time limitations, I did not survey planted trees located in the openings of the partial
harvest and CC treatments. Instead, [ used a database with the last survey in 2016 from Jull et
al. (2001). Collecting data from the planted trees during the same survey year rather than
modelling carbon based on previous surveys could provide more accurate outcomes. In
addition, collecting data of heights in the mature trees in the PSP instead of modelling them

would potentially improve the accuracy of the biomass and carbon content.

Fieldwork lasted 3 2 months with two permanent members and occasional volunteers. It is
likely that ‘more hands-on-ground’ could have made a difference regarding the amount of data
collected. For instance, many of the CWD transects were not re-located in 2020, though much
effort was afforded to this. However, this option came with its challenges and limitations,
mostly due to strict COVID-19 policies. Overall, this project answered relevant research

questions, filled gaps, and provided information to support decision-making.

Among the challenges during the discussion and comparison with similar research was
accounting for the initial ecosystem condition and history of these ITR, which are unique
stands and have been historically unmanaged. Many of the study sites from other research have
been influenced by past forest management or large disturbances that have depleted the legacy
of carbon pools, affecting the stocks, going forward. Therefore, it is important to acknowledge

the history of the stand, to make more reliable comparisons.

Finally, adding more analysis will allow a better understanding of the carbon dynamics: for
instance, accounting for the wood harvesting products allows tracking of carbon outside the
ecosystem and could be further linked to economic analysis to support decision-making. Other
analyses accounting for the canopy condition as an experimental parameter might explore the

growth response as a function of the initial tree diameter and the species.
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Appendix A

Equations to model heights for trees

I used quadratic equations to predict the height (H) of each tree whose DBH was measured

in

the summer of 2020. The equations are species-specific and are based on the historical data

taken in 2001 provided by Jull et al., 2001. For a total of N trees, I modeled DBH vs heights

and chose the model with highest R? and lowest Akaike Information Criterion (AIC) value.

Common name Scientific name Species code
Subalpine fir Abies lasiocarpa BI

Western red cedar Thuja plicata Cw

Western hemlock Tsuga heterophylla Hw

Douglas maple Acer glabrum Mr
Engelmann spruce Picea engelmannii Se

Spruce hybrid Picea engelmannii x Picea glauca  Sx
Unknown U

e Bl H=-0.00868(DBH)’> + 1.14156DBH -1.83397

e Cw H=-0.002377(DBH)? + 0.610526(DBH) + 2.062073
e Hw H =-0.006642(DBH) + 0.960497(DBH) -2.017930
e Mr H=0.04261(DBH) + 4.80009

e Se H=-0.004862(DBH)? + 0.921360(DBH) -0.282847
e Sx H=-0.007334(DBH)? + 1.072208(DBH) -1.063502

42



Allometric equations to estimate biomass for trees
Biomass and carbon estimates from live and dead trees were calculated on a per-unit-area basis
(MgC ha!). Biomass for each individual tree was estimated from historical databases when the
research trial was established (Jull et al., 2001), in combination with species-specific allometric

equations (Ung et al., 2008) using height (H) and diameter at breast height (DBH).

¢ Bl Biomass =
(0.022*DBH"1.6469*H"1.1714)+(0.0061*DBH"1.8603*H"0.7693)+(0.0265*DBH"3.
6747*H"-1.5958)+(0.0509*DBH"2.9906*H"-1.2271)

e Cw Biomass =
(0.0188*DBH"1.3376*H"1.5293)+(0.0002*DBH"2.4369*H"1.1315)+(0.0611*DBH"1
.9208)+(0.1097*DBH"1.553)

e Hw Biomass =
(0.0113*DBH"1.9332*H"1.1125)+(0.0019*DBH"2.3356*H"0.6371)+(0.0609*DBH"2
.0021)+(0.2656*DBH"2.0107*H"-0.7963)

e Mr Biomass =
(0.0353*DBH"2.0249*H"0.7048)+(0.009*DBH"1.8677*H"0.7144)+(0.0448*DBH"2.
6855*H"-0.5911)+(0.0869*DBH"1.8541*H"-0.5491)

e Se Biomass =
(0.0133*DBH"1.3303*H"1.6877)+(0.0086*DBH"1.6216*H"0.8192)+(0.0428*DBH"2
.7965*H"-0.7328)+(0.0854*DBH"2.4388*H"-0.7630)

e Sx Biomass =
(0.0276*DBH"1.6868*H"1.0953)+(0.0101*DBH"1.8486*H"0.5525)+(0.0313*DBH"2
.9974*H"-1.0383)+(0.1379*DBH"2.3981*H"-1.0418)

e U Biomass =
(0.0283*DBH"1.8298*H"0.9546)+(0.012*DBH"1.6378*H"0.7746)+(0.0338*DBH"2.
6624*H"-0.5743)+(0.1699*DBH"2.3289*H"-1.1316)
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CWD Carbon stock adjustments by the sampling effort

To account for differences in the sampling effort between the survey years (2001, 2020), the
carbon stocks in each plot in 2020 were adjusted by the proportion of the number of sampled
transects per plot (Table 2), which is the total number of transects surveyed in 2020 divided by
the total surveyed in 2001 (Equation 9).

Equation 9. The proportion of sampled transects per PSP.

No.Transects 2020
No.Transects 2001

PSP's Proportion sampled =

Table 2. The proportion of sampled transects per plot per treatment and site. The missing plots imply they were
not found and surveyed in 2020.

Site Treatment Plot Proportion
sampled 2020
1 0.67
2 0.67
3 0.67
CC 4 0.67
5 0.33
6 1.00
7 0.67
1 0.33
East
2 0.33
Twin
3 0.67
GS
4 0.67
5 1.00
6 0.33
1 0.67
2 1.00
UN
3 1.00
4 1.00
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Appendix B:
Areas per site and Treatments
Summary of the forested, harvested portions and total areas per site and per treatment. These
areas were estimated using ArcMap 10.5.1 (ESRI, 2011) from the base maps provided by Jull
et al., (2001) (Figure 2). These areas were used as reference for estimating the proportion of
harvested and forested areas at each site/treatment, which were used to adjust the carbon stocks

at specific pools.

Table 3. Areas (ha) for all the treatments at each study site. The proportion of harvested/forested areas was
estimated based on these areas.

Site Treatment Total Harvested | Retained | Proportion | Proportion
Area (ha) | area (ha) | area (ha) | harvested forested
CcC 30.8 0 30.8 1 0
) GR 28 4.8 232 0.8 0.2
All sites
GS 41.7 | 333 | 8.4 | 0.2 0.8
UN 42 42 0 0 1
CcC 7.5 7.5 0 1 0
Bast | G5 8.7 | 2.1 | 6.6 | 0.2 0.8
Twin
UN 11 0 11 0 1
CcC 16.3 16.3 0 1 0
GR 19 15.5 3.5 0.8 0.2
Lunate
GS 22 3.9 18.2 0.2 0.8
UN 21 0 21 0 1
CcC 7 7 0 1 0
, GR 9| 7.7 | 13 | 0.9 0.1
Minnow
GS 11 | 2.5 | 8.6 | 0.2 0.8
UN 10 | 0| 10 | 0 |
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Appendix C

Carbon stocks 19 years after harvest

Table 4. Mean and standard error (+95% confidence interval) for LT, LR, DR, DST, CWD, FWD, FF and total
forest C stocks in four forest harvesting treatment units at three ICH study areas, Units are MgC ha’. Data 19
years after harvest (2020).

Site Mean Carbon pool Unharvested | Group Selection | Group Retention Clearcut
(MgC ha-1)
Live trees -LT 280.68 + 31.64 X1281.85 + 63.06 X! 54.77 +7.31 1] 14.50 be
Live roots -LR 62.32+7.04 X1 162,58 + 14 [ 12.16 + 1.62 I 3.22 ble
Dead roots -DR 2214042 3.45+0.43 K 5.92 +0.27 ¥ 9.72+ 0.6 17
 |Dead Standing trees -DST ~ [15.14+6.86 X [11.87+5.05™  P.16+0.7 b
All Sites Coarse Woody Debris -CWD 66.17 +23.74 X 41.64 + 1491 X1 [81.89 + 30 [ 54.26 +21.08 [
Fine woody Debris -FWD  [1.62 + 0.6 X! 1.28 £ 0.38 [ 1.04 £ 0.93 [ 1.26 £ 0.46 ]
Forest floor -FF 47.14+471 %1 46.82+4.94 1 3491 +3.92 K 52.34 + 13.34 X
Total Carbon 475.29 £ 19.74 449.49 £32.22 |192.86 + 14.63 136.29 + 11.94
Live trees -LT 318.15+66.45 [393.74 +£142.87 166.35+11.28 4.53 ¢
Live roots -LR 70.66 + 14.78  87.41+31.72 1473 +£2.5 1
Dead roots -DR 2.23+0.95 3.88 +£0.69 6.46 +0.31 10.45+0.98
Dead Standing trees -DST ~ [9.97 + 8.36 12.09 +£9.26 2.86 +£0.79 b
bunate Coarse Woody Debris -CWD [54.74 + 26.27  [28.76 £ 8.5 67.85 +44.02 62.94 £ 133.95
Fine woody Debris -FWD 2.4 +2.38 1.41+£0.53 1.09+1.63 0.86+2.18
Forest floor -FF 56.46 + 7.81 44.16 = 5.89 36.38 £ 6.1 61.66 +34.2
Total Carbon 514.61 £31.13 [571.45+62.17 [195.71 £19.43 141.44 + 58.35
Live trees -LT 08439 +£3722 [243.83+4283 fa 18.39°¢
Live roots -LR 63.13 £ 8.26 54.13 +£9.51 a 4.08 °
Dead roots -DR 1.41 +£0.62 3.77 £ 0.97 a 0.08 +0.76
East |[Dead Standing trees -DST ~ [11.02 + 6.84 7.07 + 6.66 a b
Twin [Coarse Woody Debris -CWD ¥0.77 +£29.39  37.08 +41.24 a 50.97 +27.45
Fine woody Debris -FWD 1.3+0.43 1.04 + 0.82 a 1.36 £ 0.64
Forest floor -FF 37.61 +4.64 45.26 + 6.93 a 34.45+12.23
Total Carbon 439.64 +20.08 392.18+24.88 @ 118.33 £ 12.31
Live trees -LT 24598 £3591 |196.52 +33.34  [51.54+£ 891 17.05°¢
Live roots -LR 54.61 +£7.97 43.65+7.37 11.45+1.98 3.78 ¢
Minnow [Dead roots -DR 2.99 +0.56 2.62 +0.44 5.23 £0.36 9.44 + 1.56
Dead Standing trees -DST ~ 24.43 £+ 19.63 16.02 + 12.57 1.39 £ 1.06 b
Coarse Woody Debris -CWD [101.11 +60.59 149.9+224 105.3 £37.81 55.37 +50.15
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Fine woody Debris -FWD  |1.29 £ 0.68 1.41+0.72 0.95+2.36 1.29+1.38
Forest floor -FF 50.55+12.66  |53.92+18.43 33.44+6.26 62.45 + 19.26
Total Carbon 480.96 +£29.93 (364.03 =19.68 [209.3 + 16.68 149.4 + 19.62

Note: Means across “All sites” sharing the same letter (x,y,z) are not statistically significant using 95% confidence
intervals generated from a linear mixed-effect (see Appendix F)
a. GR treatment is not present at East Twin
b. Assumed as negligible (see Appendix D)

¢. No error reported (see Appendix D)
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Carbon stocks in live trees 19 years after harvest

Table 5. Mean carbon (MgC ha™) from live trees (LT) in 2020 disaggregated by the contribution from the forested
and harvested areas at each Treatment/Site.

. C mean Total C mean
Site Treatment Strata (MgC ha-1) (MgC ha-1)
GR Retained . 39.78 5477
Regeneration 14.99
GS ietamed . 27?3; 281.85
All sites Rege.netlatlon O.OO
cC ctained ' 14.50
Regeneration 14.50
UN Retained . 280.68 280.68
Regeneration 0
GS Retained . 242.39 243.83
Regeneration 1.44
Eagt cc Retained . 0 18,39
Twin Regeneration 18.39
UN Retained . 284.39 284 39
Regeneration 0.00
GR Retained . 56.96 66.34
Regeneration 9.39
GS ietamed ) 39?.;; 30374
Lunate Rege.neila ion . !
cC ctained 4.53
Regeneration 4.53
UN Retained . 318.15 31815
Regeneration 0.00
GR Retained ' 30.25 5755
Regeneration 21.29
GS Retained . 193.77 196.51
. Regeneration 2.75
Minnow Retained 0.00
CcC cramea ' 17.05
Regeneration 17.05
UN Retained ' 245.98 245.98
Regeneration 0.00
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Carbon stocks pre- and post-harvesting

Table 6. Mean and standard error (£95% confidence interval) for five pools (LT, LR, DST, DR, CWD), and total
forest C stocks in four forest harvesting treatment units at three ICH study areas. Units are MgC ha™'. Data
available preharvest (1999), 1 year (2001) and 19 years after harvest (2020).

picar Grou Grou
Site Carbon pool | Year Unharvested e P Clearcut
Selection Retention
(MgC ha-1)
Livet 1999 | 266.24 £41.07 | 315.03£51.92 | 225.39+22.33 | 308.27 £40.57
ive trees -
LT 2001 | 262.04 £32.13 | 253.36 +55.24 | 34.44+6.88 0+0
2020 | 280.68 £31.64 | 281.85+63.06 | 54.77+7.31 14.50°¢
) 1999 | 59.1 £9.12 69.94 + 11.53 50.04 +4.96 68.26 + 9.04
Live roots -
LR 2001 | 58.19+7.14 56.46 + 12.33 7.65+1.53 0+0
2020 | 62.32+7.04 62.58+ 14 12.16 £ 1.62 3.22¢
1999 | 7.33 +£1.23 3.71 £0.88 3.48+0.8 2.36+0.52
Dead roots -
DR 2001 | 2.12+1.02 13.02+1.14 37.05+1.69 63.62+3.92
All 2020 | 2.21+0.42 3.45+0.43 5.92 +£0.27 9.72+0.6
Sites Dead 1999 | 30.15+10.96 15.56 +7.68 1437 +7.32 9.61 +4.64
Standing 2001 | 2424+12.15 | 1249+11.06 | 2.41+1.41 0+0
trees -DST
2020 | 15.14 + 6.86 11.87 £5.05 2.16+0.7 b
Coarse 19994 | 86.53 +26.01 86.53 +26.01 86.53 +£26.01 86.53 £26.01
Woody 2001 | 86.53 +£26.01 89.76 £ 31.42 98.38 + 33.47 14533+ 61.84
Debris -CWD
2020 | 66.17+23.74 | 41.64 +14.91 81.89 + 30 5426+ 21.08
1999 | 449.35 +24.14 | 490.77 £28.67 | 379.81 £16.66 | 475.04 +23.51
Total Carbon 2001 | 433.12+21.02 | 424.87 £31.72 179.92 +£16.15 | 208.95 +29.8
2020 | 426.52 +£19.61 | 401.39 +32.13 156.91 +14.51 | 81.7+10.09
Live t 1999 | 305.28 =94.5 | 424.15+79.42 | 242.84 £28.31 | 332.73 £75.38
YT | 2001 | 3199457581 | 349.09+160.7 | 43.94£991 |00
2020 | 318.15+£66.45 | 393.74 +142.87 | 66.35+11.28 | 4.53¢
) 1999 | 67.77 £20.98 94.16+ 17.63 53.91+6.28 73.87 +16.74
Live roots -
LR 2001 | 71.07 £ 16.87 | 77.5 £35.68 9.75+2.2 0+0
2020 | 70.66 + 14.78 87.41 +31.72 1473 +£2.5 1¢
1999 | 9.62+2.42 5.72+1.73 349+1.10 1.86 £0.5
Dead roots -
DR 2001 | 0.73£0.32 16.86 + 1.54 39.97+1.95 68.41+6.4
Lunate 2020 | 2.23+£0.95 3.88+0.69 6.46 +0.31 10.45+0.98
Dead 1999 | 44.8 £27.54 26.65+19.1 16.09 + 12.12 7.89 £ 6.06
Standing 2001 | 8.43+6.31 8.08+9.33 1.86 +1.25 0+0
trees -DST
2020 | 9.97 +8.36 12.09+9.26 2.86+0.79 b
Coarse 1999¢ | 100 + 65.36 100 + 65.36 100 + 65.36 100 £+ 65.36
Woody 2001 | 100 + 65.36 110.51 £81.15 | 77.07+37.55 21527 +157.21
Debris -CWD
2020 | 54.74 £ 26.27 | 28.76 £ 8.5 67.85+44.02 62.94 + 133.95
1999 | 527.47 £49.1 650.68 £44.33 | 416.32 +£29.86 | 516.35+42.27
Total Carbon
2001 | 500.16 =42.42 | 562.03 £ 77.73 172.59 + 16.58 | 283.68 + 66.79
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2020 | 455.75 £30.94 | 525.88 £ 62.12 | 158.24 + 19.25 | 78.92 + 56.65
, 1999 | 266.15+4637 | 311.16 £78.63 | a 280.68 + 59.59
Live trees -
T 2001 | 260.91 £38.29 | 24554 +4124 |a 0+0
2020 | 28439 +37.22 | 243.83+42.83 | a 18.39¢
, 1999 | 59.09£1029 | 69.08+1746 |a 6231+ 13.23
Live roots -
R 2001 | 57.92+8.5 5451+9.15 a 0+0
2020 | 63.13+826 | 54.13+9.51 a 4.08°
1999 | 4.69 +0.95 234+1.03 a 3.13+1.03
Dead roots -
DR 2001 | 1.31+0.45 1123+ 1.08 a 50.45 + 4.98
East 2020 | 1.41 +0.62 3.77+0.97 a 9.08 + 0.76
Twin Dead 1999 | 21.85+1135 | 10881238 |a 1543 11.72
Standing 2001 | 18.54+18.73 | 2.07+1.46 a 0+0
trees -DST 2020 | 11.02+6.84 | 7.07+6.66 a b
Coarse 19994 | 60.11+41.02 | 60.11£41.02 |a 60.11 +41.02
Woody 2001 | 60.11+41.02 | 70.6+74.8 a 103.72 + 4147
Debris -CWD | 5050 | 407742939 | 37.08+4124 | a 50.97 + 27.45
1999 | 411.80 +24.83 | 453563551 |a 421.85 + 30.01
Total Carbon | 2001 | 398.79 +24.35 | 383.96+34.17 |a 163.17 = 17.66
2020 | 400.72 +19.98 | 34580 2471 | a 82.52+11.24
Lo 1999 | 220.77 £88.04 | 208.83 3339 | 202.13 £35.56 | 307.76 + 140.01
Y 2001 | 20527 +28.77 | 159.49+31.94 | 2336+8.5 040
2020 | 245.98 +35.91 | 196,52 +3334 | 51.54+891 | 17.05°
, 1999 | 49.01 £19.54 | 4636+ 7.41 4487+789 | 67.62+3141
Live roots -
R 2001 | 4557+ 639 | 35.42+7.07 5.19 +1.89 0+0
2020 | 54.61+7.97 | 43.65+737 1145+198 | 3.78¢
1999 | 4.99 +1.23 171+ 0.56 2.67+0.89 0.90 + 0.55
Dead roots -
DR 2001 | 433 +2.99 10.88 + 1.87 33164226 | 61.82+1021
, 2020 | 2.99 + 0.56 2.62+044 5.3 +0.36 9.44 + 1.56
Minnow
Dead 1999 | 2135+ 1496 | 7.97+6.12 1208+ 11.13 | 421+7.13
Standing 2001 | 45.73+30.29 | 26.72+33.86 2.55+2.39 0+0
trees -DST 2020 | 2443+ 19.63 | 1602+ 1257 | 1.39+1.06 b
Coarse 1999¢ | 97244372 | 97244372 | 97244372 | 97244372
Woody 2001 | 97.204+43.72 | 833742853 | 119.68+61.44 | 91.67 + 49.77
Debris -CWD
2020 | 101.11 £60.59 | 49.9 +22.4 1053+37.81 | 55.37+50.15
1999 | 393.37£39.44 | 362.12£22.48 | 358.99 £22.57 | 477.74 + 5447
Total Carbon | 2001 | 398.15+24.85 | 315.88 £23.36 | 183.94 2636 | 153.49 + 20.63
2020 | 429.12£29.44 | 308.7+£18.07 | 1749+ 1646 | 85.65+ 18.13

a. GR treatment is not present at East Twin
b. Assumed as negligible (see Appendix D)

¢. No error reported (see Appendix D)

d. Values of unharvested plots area assumed to be the same in 1999 and 2001 because CWD was not sampled in
1999. Also, I extrapolated the 1999 unharvested CWD as proxy values for the GS, GR, and CC. Although the
stocks may had been different if sampled, this proxy of comparing treatments with historical control data (Paulus
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et al., 2014) allowed me to use the available stocks to gain deeper insights of the carbon dynamics through time,
rather than removing the entire pool due to the absence of pre-harvest data.

Appendix D
Modelling Carbon stocks in harvested areas
I used SORTIE 7.05 (Canham & Murphy, 2001) to estimate projected carbon stocks in the
harvested areas (i.e. planted regeneration plots) for the GS, GR and CC treatments at all sites

and integrate these values into the total carbon stored in 2020 in the Wetbelt treatments.

To calibrate the initial model parameters, I used the site characteristics, species composition
and stem densities from the original regeneration survey in 2016. In addition, reference curves

with different planting density stands were created (i.e. 1200 and 1800 stems per hectare).

Each site-treatment was run independently. These were S5-year runs accounting for 0-4
timesteps. The output is the mean modelled carbon (MgC ha!) from stems>4 cm DBH for
2020 (Table 7). To avoid overestimation in the carbon stocks, these values were adjusted
multiplying by: /) a “proportional increase” (derived from the proportion of modelled C
measured in the empirical data); 2) proportion of the harvested area at each site-treatment

(Table 3; see methods).

Table 7. Projected carbon stocks (MgC ha) in planted trees in regeneration plots for 2020. Data derived from
growth and yield curves using SORTIE 7.05 and regeneration survey from 2016. Carbon stocks have already
been adjusted by the proportional increase and by the proportion of the harvested area.

Site/TU East Twin Lunate Minnow

Year GS CC GS GR CC GS GR CC

2020 1.44 18.39 1.57 9.39 4.53 2.75 21.29 17.05

Given the parameters to run the model, only the mean was available for this carbon stock. In
the partial harvest treatments, these values were added to the 2020 empirical values for the live
tree pool from the forested areas, whose error was estimated and accounted for in the total
carbon stocks. However, it is not the case in the CC, whereby it was not possible to report an

associated error to this pool (Table 6).
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Since the carbon in the live root estimation relies on the live trees, same error situation applies

to the live root pool for 2020 (Table 6).

To estimate the carbon in the live tree and live root pools in 2020 for all sites and compare
only by treatment (TU), I used the combined mean formula (Equation 10) and the final
estimations from the modelled data by site/TU (Higgins et al., 2023). No associated error is

reported due to the nature of the data source.

Egquation 10. Formulae for combining groups (Higgins et al., 2023).

] N:M; + N,M, + N3;M,
Combined mean = Where,
Ny + N, + N;

N is the sample size and M is the carbon mean (MgC ha™') from each site (East Twin, Lunate

and Minnow).

Since the number of dead standing trees (DST) from the regeneration survey in 2016 was
insignificant (23 of 1324 trees), I did not model carbon projections for this pool in 2020 and
considered it as negligible (Table 6).
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Appendix E

Canopy conditions’ effect on live tree mean carbon accumulation rate

Table 8. a) Mean, standard error Live tree carbon accumulation rate (MgC year™) given three canopy conditions
within each treatment; b) Live tree mean carbon accumulation rate per treatment.

Canopy Mean Rate Standard | Standard
a) Treatment . L. n
conditions (MgC year™) deviation error
GR Closed 0.0005 0.0008 0.0000 489
GR Edge 0.0008 0.0011 0.0001 303
GS Closed 0.0017 0.0021 0.0001 574
GS Edge 0.0023 0.0022 0.0001 332
UN Closed 0.0017 0.0020 0.0001 | 1348
UN Edge 0.0028 0.0022 0.0009 6
b) Mean Rate | Standard | Standard
Treatment n
(MgC year) | deviation error
GR 0.0007 0.0009 | 0.00003 802
GS 0.0020 0.0021 |  0.00007 930
UN 0.0017 0.0020 | 0.00005 | 1355

To explore whether the partial harvest treatments had a significant influence on the carbon
accumulation in the live trees, I performed a Kruskal Wallis and Dunn’s tests (post-hoc)
between /) Live trees mean carbon accumulation rate ~ treatment, and 2) Live trees mean

carbon accumulation rate ~ canopy conditions (O, E, C).

Mean carbon accumulation rate ~ Treatment
e Kruskal-Wallis test
Kruskal-Wallis chi-squared = 182.19, df = 2, p-value < 2.2e-16
e Dunn’s tests (post-hoc)
# A tibble: 3 x 9
n2 statistic

.y. groupl group2 nl p p.adj p.adj.signif

* <chr> <chr> <chr> <int><int> <dbl> <dbl> <dbl> <chr>
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I Rate GR GS 792 906 129 5.32e-38 1.60e-37 **#*
2Rate GR UN 792 1354 10.7 6.15e-27 1.84e-26 ****

3Rate GS UN 906 1354 -3.416.6le-4 1.98e-3 **

Mean carbon accumulation rate ~ Canopy conditions within each treatment

e Kruskal-Wallis test
Kruskal-Wallis chi-squared = 8.88, df = 1, p-value = 0.002883
e Dunn’s tests (post-hoc)
SUN
# A tibble: 1 x 9
.y. groupl group2 nl n2 statistic p p.adj p.adj.signif
* <chr> <chr> <chr> <int><int> <dbl> <dbl> <dbl> <chr>

I Rate C E 1348 6 1.490.1370.137 ns

$GS
# A tibble: 1 x 9
.y. groupl group2 nl n2 statistic p  p.adj p.adj.signif
* <chr> <chr> <chr> <int><int> <dbl> <dbl> <dbl> <chr>
lIRate C E 574 332 4.43 0.00000952 0.00000952 *:*:
$GR
# A tibble: 1 x 9
.y. groupl group2 nl n2 statistic p p.adj p.adj.signif
* <chr> <chr> <chr> <int><int> <dbl> <dbl> <dbl> <chr>

1 Rate C E 489 303  3.850.000117 0.000117 ***
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Appendix F

Linear mixed-effect model for carbon stocks in 2020

Because of the differential contribution of each pool to the total ecosystem carbon and the fact
that each pool had its own residual variance, it made more sense to use a mixed-effect model
across all sites to test for significant differences among the pools and the treatments 19 years

after harvest.

I fitted a linear mixed-effect model (estimated using REML and nlminb optimizer) to predict

mean of Carbon with Treatment and Pool:

Ime.allsites Ime3 <- Ime(Carbon_mean ~ Treatment*Pool, random = ~1 | Site/Treatment,

data=Carbon_dataset, weights = varldent(form = ~ 1 | Pool) )

The model included Site and treatment as random effects (formula: ~1 | Site/Treatment).
Because of the large variation in carbon among the pools, this weighted model is the best fit

since the “weights” component gives a unique residual variance to each pool.

The model's explanatory power related to the fixed effects alone (marginal R? is 1.00. The
model's intercept corresponding to the treatment and pool is at 58.55 (t(42) = 14.58, p=0.000).
Within this model:

Linear mixed-effects model fit by REML
Data: Carbon_dataset
AIC  BIC logLik
477.2214 547.2187 -201.6107

Random effects:

Formula: ~1 | Site
(Intercept)

StdDev: 1.004952¢-05

Formula: ~1 | Treatment %in% Site

(Intercept) Residual
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StdDev: 7.558637e-05 20.68942

Variance function:

Structure: Different standard deviations per stratum
Formula: ~1 | Pool

Parameter estimates:

CWD DR DT FF FWD LR LT
1.00000000 0.04540317 0.27517868 3.01996093 0.01187068 0.81155678 2.97016120
Fixed effects: Carbon mean ~ Treatment * Pool

Value Std.Error DF  t-value p-value
(Intercept)  58.54727 4.01451 42 14.583911 0.0000
Treatment1 -33.11375 6.69085 5 -4.949109 0.0043
Treatment2  -14.49872 7.68720 5 -1.886085 0.1180
Treatment3 30.51674 6.69085 5 4.560965 0.0061

Pooll 3.23413 6.6918242 0.483296 0.6314

Pool2 -53.50383 4.02186 42 -13.303244 0.0000
Pool3 -47.777522 4.27631 42 -11.172061 0.0000
Pool4 71.99154 16.65949 42 4.321354 0.0001
Pool5 -57.33969 4.01501 42 -14.281319 0.0000
Pool6 -10.48721 5.91568 42 -1.772782 0.0835

Treatment1:Pooll 27.76342 11.15304 42 2.489315 0.0168
Treatment2:Pooll 39.29271 12.81386 42 3.066422 0.0038
Treatment3:Pooll -53.71664 11.15304 42 -4.816324 0.0000
Treatment1:Pool2 37.41608 6.70311 42 5.581902 0.0000
Treatment2:Pool2 14.70097 7.70128 42 1.908899 0.0631
Treatment3:Pool2 -32.18893 6.70311 42 -4.802091 0.0000
Treatment1:Pool3 22.34170 7.12719 42 3.134715 0.0031
Treatment2:Pool3 16.35548 8.1885142 1.997369 0.0523
Treatment3:Pool3 -25.96924 7.12719 42 -3.643688 0.0007
Treatment1:Pool4 11.09056 27.76581 42 0.399432 0.6916
Treatment2:Pool4 -11.30928 31.90049 42 -0.354517 0.7247
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Treatment3:Pool4 45.70662 27.76581 42 1.646148 0.1072
Treatment1:Pool5 32.95834 6.69169 42 4.925265 0.0000
Treatment2:Pool5 14.31379 7.68817 42 1.861795 0.0696
Treatment3:Pool5 -30.43633 6.69169 42 -4.548377 0.0000
Treatment1:Pool6 -14.45965 9.85946 42 -1.466576 0.1499
Treatment2:Pool6 18.07140 11.32766 42 1.595334 0.1181
Treatment3:Pool6 -0.77789 9.85946 42 -0.078898 0.9375

Standardized Within-Group Residuals:
Min Q1 Med Q3 Max
-1.59291411 -0.63394429 -0.02183757 0.49339911 2.03294586

Number of Observations: 77
Number of Groups:
Site Treatment %in% Site

3 11

anova(lme.allsites Ime3)

numDF denDF F-value p-value
(Intercept) 1 42442.0063 <.0001
Treatment 3 5 0.5443 0.673
Pool 6 42 81.7568 <.0001
Treatment:Pool 18 42 12.0422 <.0001

$emmeans (Post-hoc)

Pool = CWD:

Treatment emmean SE df lower.CL upper.CL
CcC 56.43111.945 2 5.036 107.83

GR 86.575 14.630 2 23.629 149.52

GS 38.581 11.945 2 -12.814 89.98

UN 65.538 11.945 2 14.142 116.93
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Pool = DR:

Treatment emmean SE df lower.CL upper.CL
CcC 9.346 0.542 2 7.012 11.68

GR 5.246 0.664 2 2.388 8.10

GS 3.371 0.542 2 1.038 5.70

UN 2211 0.542 2 -0.122 4.54

Pool = DT:

Treatment emmean SE df lower.CL upper.CL
CC 0.000 3.287 2 -14.143 14.14

GR 12.629 4.026 2 -4.693 29.95

GS 15.320 3.287 2 1.177 29.46

UN 15.140 3.287 2 0.997 29.28

Pool = FF:

Treatment emmean SE df lower.CL upper.CL
CcC 108.516 36.074 2 -46.696 263.73

GR 104.731 44.181 2 -85.364 294.83

GS 206.762 36.074 2 51.550 361.97
UN 102.147 36.074 2 -53.065 257.36

Pool = FWD:

Treatment emmean  SE df lower.CL upper.CL
CcC 1.052 0.142 2 0.442 1.66

GR 1.023 0.174 2 0.275 1.77

GS 1.288 0.142 2 0.678 1.90

UN 1.467 0.142 2 0.857 2.08

Pool =LR:

Treatment emmean SE df lower.CL upper.CL
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CC 0.487 9.694 2 -41.224 42.20
GR 51.633 11.873 2 0.548 102.72
GS 77.799 9.694 2 36.089 119.51
UN 62.322 9.694 2 20.612 104.03

Pool =LT:

Treatment emmean SE df lower.CL upper.CL

CC 2.203 35.479 2-150.449 154.86
GR 46.504 43.452 2 -140.457 233.46
GS 280.327 35.479 2 127.674 432.98
UN 280.676 35.479 2 128.024 433.33

Degrees-of-freedom method: containment

Confidence level used: 0.95

$contrasts

Pool = CWD:

contrast estimate SE df t.ratio p.value
CC-GR -30.1443 18.887 5 -1.596 0.4563
CC-GS 17.849616.893 5 1.057 0.7276
CC-UN -9.106616.893 5 -0.539 0.9456
GR -GS 47.9939 18.887 5 2.541 0.1667
GR-UN 21.0378 18.887 5 1.114 0.6978
GS - UN -26.956116.893 5 -1.596 0.4565

Pool = DR:

contrast estimate SE df t.ratio p.value
CC-GR 4.1001 0.858 5 4.781 0.0183
CC-GS 59745 0.767 5 7.790 0.0021
CC-UN 7.1347 0.767 5 9.302 0.0009
GR -GS 1.8744 0.858 5 2.186 0.2458
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GR -UN 3.0347 0.858 5 3.539 0.0581
GS-UN 1.1602 0.767 5 1.513 0.4947

Pool = DT:

contrast estimate SE df t.ratio p.value
CC-GR -12.6288 5.197 5 -2.430 0.1883
CC-GS -15.3195 4.649 5 -3.296 0.0745
CC-UN -15.1398 4.649 5 -3.257 0.0776
GR -GS -2.6907 5.197 5 -0.518 0.9512
GR-UN -2.5110 5.197 5 -0.483 0.9596
GS-UN 0.1797 4.649 5 0.039 1.0000

Pool = FF:

contrast estimate SE df t.ratio p.value
CC-GR 3.7848 57.037 5 0.066 0.9999
CC-GS -98.246551.016 5 -1.926 0.3252
CC-UN 6.369051.016 5 0.125 0.9992
GR - GS -102.0314 57.037 5 -1.789 0.3754
GR -UN 2.584257.037 5 0.045 1.0000
GS-UN 104.615551.016 5 2.051 0.2845

Pool = FWD:

contrast estimate SE df t.ratio p.value
CC-GR 0.0295 0.224 5 0.132 0.9991
CC-GS -0.2358 0.201 5 -1.176 0.6652
CC-UN -0.4153 0.201 5 -2.071 0.2783
GR -GS -0.2653 0.224 5 -1.183 0.6612
GR - UN -0.4448 0.224 5 -1.984 0.3056
GS-UN -0.1795 0.201 5 -0.895 0.8084
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Pool = LR:

contrast estimate SE df t.ratio p.value
CC-GR -51.146115.328 5 -3.337 0.0714
CC-GS -77.312313.710 5 -5.639 0.0091
CC-UN -61.835313.710 5 -4.510 0.0231
GR -GS -26.1662 15.328 5 -1.707 0.4083
GR -UN -10.6892 15.328 5 -0.697 0.8940
GS-UN 15.477013.710 5 1.129 0.6899

Pool =LT:

contrast estimate SE df t.ratio p.value
CC-GR -44.3004 56.097 5 -0.790 0.8565
CC -GS -278.1234 50.174 5 -5.543 0.0098
CC-UN -278.4731 50.174 5 -5.550 0.0098
GR - GS -233.8230 56.097 5 -4.168 0.0316
GR - UN -234.1727 56.097 5 -4.174 0.0314
GS-UN -0.3497 50.174 5 -0.007 1.0000

Degrees-of-freedom method: containment

P value adjustment: tukey method for comparing a family of 4 estimates
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