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Abstract

Forest carbon sequestration and water regulation are two key ecosystem services, however,
changing climate and disturbance regimes threaten their continued provision. Most
scientific research has been conducted at fine spatial and short temporal scales, often focused
on a single disturbance. However, few studies focus on the coupling of the carbon and water
cycles at the landscape scale in response to cumulative forest disturbance.

The major research objectives of this study were to quantify how severe cumulative forest
disturbance has affected regional carbon, water, and their coupling. The study was in the central
interior of British Columbia, Canada, a ~400,000 km2 region with severe disturbance from the
Mountain Pine Beetle (MPB) epidemic, timber harvesting, and wildfires. Water use efficiency
(WUE); the ratio of carbon uptake (NPP: net primary production) to water consumption (ET:
evapotranspiration), was used to quantify the coupling relationship. The carbon, water and
coupling responses and sensitivities were examined, compared, and discussed across a wide
climatic range, in the context of future forest and climate change.

Data characterizing forest condition, historical disturbances, climate, and topography were
compiled. The Carbon Budget Model of the Canadian Forest Service was applied to calculate
the regional forest carbon balance. Watershed scale data were used to create an annual ET
model sensitive to forest disturbance, which was then applied regionally.

Results showed that severe cumulative forest disturbance has driven carbon emissions, and the
region’s forests continue to be a carbon source with reduced sequestration capacity. Recent
wildfires have delayed recovery from the MPB epidemic. Forest disturbance has driven a
reduction in ET across most of the region. Cumulative forest disturbance was a key driver of
iii

WUE, but the sensitivity to forest disturbance varies with climate. Regional WUE stabilized
during the period of high disturbance, mainly due to contrasting responses by distinct climate
type and their offsetting effects. In dry climates, WUE decreased with cumulative forest
disturbance, while in moderate climates, a higher hydrologic sensitivity to forest disturbance
drove an increase in WUE. WUE sensitivity to cumulative forest disturbance depends on
disturbance levels, regulated by climatic interactions. The strong dependence and contrasting
response suggest it is critical to consider these interactions when assessing the regional forest
carbon and water relationship.
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Lay Summary
Forests are important regulators of the water and carbon cycles; however, this may be
jeopardized with forest disturbance and climate change. We studied the interior of British
Columbia Canada, where forests have been severely impacted by cumulative disturbance from
insects, harvesting, and wildfires. We used climate, vegetation, and water data to investigate
how climate and forest change have impacted regional carbon, water dynamics and their
coupling.

We found that severe cumulative forest disturbance has affected both the water and carbon
cycles. The region’s forests are a continued and significant carbon source with reduced carbon
sequestration capacity. Evapotranspiration has been significantly reduced by forest disturbance.
The water and carbon relationship has also been changed by cumulative disturbance, with
distinct differences in sensitivity and impact across a climatic gradient. These results can
support management of water and carbon resources under the future climate change and forest
disturbance.
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Chapter 1: Introduction

In terrestrial ecosystems, carbon and water are coupled through the photosynthetic process.
Forests are an important part of the global carbon cycle, sequestering, storing, and releasing
atmospheric carbon dioxide (CO2) on a scale large enough to offset an estimated 30% of
anthropogenic carbon emissions, and slow the rate of increase of atmospheric CO2
concentrations (Friedlingstein et al., 2019; Keenan et al., 2016; Kilinc et al., 2013; Pan et al.,
2011; Peng et al., 2014). Correspondingly, forests consume water through evapotranspiration
(ET) during biomass construction and play a central role in the global water cycle (Ferguson and
Veizer, 2007; Jasechko et al., 2013).

Clearly, carbon and water are two key ecosystem goods and services of many that forests
provide. If managed effectively, forests have the potential to provide climate change mitigation
through the storage and sequestration of atmospheric carbon. Many countries are investigating
what role nature based carbon solutions can play towards 2050 net neutrality (Drever et al.,
2021) and meeting Paris Agreement commitments to limit global temperature (T) increases
below 20C (Roe et al., 2019). Global studies suggest that northern hemisphere boreal and
temperate forests have been a carbon sink in recent decades despite disturbances (Malhi et al.,
1999; Wang et al., 2021). However, recent reviews have called into question their future carbon
sink potential (Anderegg et al., 2020; Mitchard, 2018), given that warmer T and variable
precipitation (P) are forecasted, driving expected increases in wildfires (Bowman et al., 2020;
Flannigan et al., 2009a; Seidl et al., 2017), and insect and stress related tree mortality through a
variety of complex inter-related mechanisms (Kurz et al., 2008a; Phillips et al., 2009; Seidl et al.,
2017). Research into this topic can support global efforts to offset greenhouse gas emissions in
terrestrial ecosystems (Mitchard, 2018).
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It is estimated that forested watersheds provide for 75% of the worlds freshwater supply for a
variety of direct human uses (FAO, 2019). As well as the maintenance of a reliable water
supply, forested watersheds provide for the healthy functioning of aquatic and riparian
ecosystems, regulation of the local surface energy balance and T, and climate and water
distribution (Ellison et al., 2017; Jackson et al., 2001; Maness et al., 2013). As with carbon,
these vital water related ecosystem services may be threatened or changed due to widespread
direct human alteration, natural disturbance, or rapid climate change (Cademus et al., 2014).
Studies have shown that forest disturbance can have significant effects on ecosystem services
(Harris et al., 2016; Roces-Díaz et al., 2021) and have the potential to either exacerbate or
offset the effect of climate perturbations at the landscape level (Tian et al., 2010a).

Changes in the relationship between forest carbon and water in forests have a range of
important implications for ecosystem functions, services, and feedbacks to the climate system
(Ferguson and Veizer, 2007; Keenan et al., 2013; Kurz et al., 2008a; Sterling et al., 2013; Tang
et al., 2014). Complex and integrated planning decisions need to consider the potential trade-off
between gain in forest productivity and conservation of water resources (Li et al., 2019), not only
currently but many decades in the future, something that is complicated by an uncertain future
climate. Understanding the carbon and water relationship is recognized as an important part of
the study of global change (Tian et al., 2010a). It is a pre-requisite for accurate modelling
projections of ecohydrological systems (Niu et al., 2011), and for evaluating ecosystem
management strategies in the face of future climate change (Monson et al., 2010).
Understanding the physical and biological factors that produce the optimal trade-off or high
efficiencies in either the carbon or water cycle can help improve decision making in the context
of human disturbance and climate change (Hatfield and Dold, 2019; Ponce-Campos et al.,
2013; Tang et al., 2014; Wallace, 2000).
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To date, the bulk of scientific research on the coupling relationship between forest carbon and
water has been conducted at fine scales (forest stand level and smaller), where there is a more
direct relationship between carbon sequestration and water use (Beer et al., 2009). Stand-level
ET includes not only biological sources of water vapor (transpiration) that dominate leaf or tree
level fluxes, but additionally includes evaporation, a process that is influenced by physical
climatic variables as well as site characteristics and the aggregated plant community structure
(Irvine et al., 2004; Monson et al., 2010; Sun et al., 2016a). These hydrological variables in turn
affect the forest’s ability to sequester carbon, respire it and create complex biological and
physical interactions between the carbon and water cycles that are not currently fully
understood or quantified.

In addition, little research has been done at the landscape scale, and it is largely untested if the
carbon-water coupling relationships at the landscape scale are different from the stand level
under a variety of disturbances and climates. This study focused on the regional scale, which for
many reasons, cannot be simply extracted from stand-level knowledge (Irvine et al., 2004). At
the regional level, diverse types of forest disturbance accumulate over time and space
(cumulative forest disturbance), and recovery processes simultaneously occur. Variability in the
physical climate, site characteristics, and aggregated plant community structure across a
landscape mean that scaling techniques need to deal with among site spatial variability and
cumulative forest disturbance and recovery. Additionally, temporal change must be accounted
for, using approaches that incorporate elements of the non-stationary effects of ongoing climate
change as well as dynamic forest change (Irvine et al., 2004; Monson et al., 2010; Sun et al.,
2016a). Regional-scale carbon and water coupling is important because knowledge at the
appropriate scale is a pre-requisite for effective management strategies (Sun and Vose, 2016).
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Forest change is a cumulative, continual, and dynamic process, one that affects landscapes and
regions in different ways. Some parts of the world (e.g. China, Australia, South Africa, Chile),
are concerned with possible impacts on water supply from planned or existing large scale
afforestation or plantation forestry (Alvarez-Garreton et al., 2019; Gao et al., 2014; Li et al.,
2019; Scott and Prinsloo, 2008; Trancoso et al., 2016; Zhang et al., 2011). Increased ET
corresponds to decreases in streamflow, which may lead to water shortages and risk of
environmental degradation (Poff and Zimmerman, 2010). While in other areas deforestation
(temporary or permanent), or forest conversion (e.g. species, crops, age structure), and
associated potential impacts such as flooding, altered water supply, or increased risk of
environmental damage, are more of a concern (Jones and Perkins, 2010; Winkler et al., 2017).
In our study region, the central to southern interior of British Columbia (BC), an area of over
400,000 km2, recent large scale cumulative forest disturbance and how that might affect forest
water and carbon resources is of primary concern (Hoberg et al., 2016; Pike et al., 2010;
Schnorbus et al., 2010), as well as predictions under various future climate and disturbance
scenarios. The scale of the cumulative forest disturbance is so great that it has the ability to
affect climate change feedback loops, and affect carbon fluxes and climate change mitigation
efforts (Kurz et al., 2008a), as well as directly affecting changes in ET, thereby increasing
regional T and potentially other hydrometeorological patterns (Maness et al., 2013). In the
future, natural agents of forest disturbance are predicted to increase their frequency and
severity or spread (Haughian et al., 2012). With climate change, MPB is predicted to likely
spread into new areas and cause significant mortality where they do not now (Bentz et al.,
2010), and wildfires are predicted to increase across Canadian forests (Amiro et al., 2001;
Boulanger et al., 2014). Therefore, the impact of cumulative forest disturbance may become
more important to model and manage for, even in areas that are not high risk now.
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While there are a limited number of studies that investigate the regional-scale response of
carbon (Arora et al., 2016; Kurz et al., 2008a) or water (Maness et al., 2013) to past forest
disturbance in the BC interior, no studies have investigated the regional forest carbon-water
coupling relationship, specifically focusing on cumulative forest disturbance and systematically
investigating interactions within the regional climate gradient.

This thesis investigates how severe cumulative forest disturbance has affected carbon, water,
and their coupling relationship at the regional scale. The work was motivated by the context of
recent severe cumulative forest disturbance in the central interior of BC, Canada, and the
important associated concerns about the carbon balance and climate mitigation as well as
impacts to water supply.

The major research objectives of this study were (1) to quantify how cumulative forest
disturbance has affected forest carbon, water, and their coupling (water use efficiency (WUE):
the ratio of carbon uptake to water consumption) at the regional scale, (2) to examine and
compare their responses and sensitivities across a range of climates, and (3) identify and
discuss associated management implications of these findings in the context of future forest and
climate change.

We hypothesize that cumulative forest disturbance has historically been a key driver of WUE,
and that WUE has decreased under significant cumulative forest disturbance. Further, it was
hypothesized that the response of regional-scale WUE to cumulative forest disturbance is
different to that found in short term, stand-level studies and that the effect of cumulative forest
disturbance on WUE at the landscape scale cannot be simply extracted linearly from the stand
level. It was also hypothesized that the forest and carbon relationship varies distinctively in
different climatic types.
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This study used multiple streams of spatial data that characterize past forest conditions and
identify historical disturbances, climate, and topography of the study area. Watershed scale data
was used to create a scale independent, mathematically based annual ET model (40 calibration
and 33 validation watersheds), that was then applied to estimate water dynamics across the
extensive regional landscape. Innovative modeling approaches were applied with independent
validation to estimate forest carbon dynamics across the region. A variety of statistical
techniques were used to analyze data, identify temporal trends, and present key findings.

The following chapter (Chapter 2) presents the context and findings of a comprehensive
literature review, while Chapter 3 describes the overall research design and study area.
Chapters 4, 5, and 6 contain the methodology, results and discussion of regional carbon
dynamics, ET, and the forest carbon-water coupling relationship (WUE), respectively. Finally,
Chapter 7 consolidates the key conclusions from this work, identifies limitations, and
opportunities for future research.
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Chapter 2: Literature Review
This literature review is divided into three main parts, the first summarizes common terms,
techniques, research, and current knowledge in the field of forest carbon and disturbance.
Secondly, the effect of forest change on water resources is explored, with a focus on ET or
forest water consumption. Then thirdly, the coupling or relationship between forest carbon and
water is defined and current knowledge is summarized.

2.1
2.1.1

Carbon Sequestration and Storage
Metrics and Definitions

Terrestrial ecosystems are continuously absorbing carbon from the atmosphere through
photosynthesis, while processes such as ecosystem respiration and forest disturbance drive
forest carbon emissions (Kurz et al., 2013). Forests store carbon within the ecosystem in living
plant tissue (biomass), dead organic matter (DOM), and as organic carbon in the mineral soil,
the sum of which is called total ecosystem carbon (TEC) (Figure 2.1).
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Figure 2.1. Forest carbon sequestration, storage, and emissions
Note: DOM is the dead organic matter carbon storage pool, GPP is gross primary production, NPP is net
primary production, Ra is autotrophic respiration, NEP is net ecosystem production, R h is heterotrophic
respiration, and NBP is net biome production.

The total amount of carbon assimilated from the atmosphere by the ecosystem during
photosynthesis is called the gross primary production (GPP). GPP is reduced by the carbon
metabolized by plants for the maintenance of plant structures and processes through
autotrophic respiration (Ra), to calculate the total amount of carbon accrual in the ecosystem,
termed net primary production (NPP) (Equation 1) (Lovett et al., 2006). Customary signing
convention denotes NPP as positive when the net flux is from the atmosphere to the ecosystem.
NPP can be thought of as the short term carbon uptake or an indication of the forest’s carbon
sequestration potential. Globally, it is estimated that Ra reduces GPP by approximately half
(Hatfield and Dold, 2019). Heterotrophic respiration (Rh) is the release of carbon by heterotrophs
through the process of decay of carbon in the soil and DOM storage pools. NPP is reduced by
Rh to calculate NEP, the medium term carbon storage (Equation 2) that is used to describe the
stand-level balance between sequestration and respiration.
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Applicable at annual time steps and at the landscape scale, net biome production (NBP) is
defined as NEP minus emissions from forest disturbances and biomass removal from
harvesting (Randerson et al., 2002) (Equation 3). NBP describes the long term carbon uptake,
accounting for all sources of emissions. NBP is functionally equivalent to the annual change in
TEC over a specified amount of time (Randerson et al., 2002). In agricultural settings, NBP is
calculated as NEP plus the carbon introduced (e.g. fertilizer) minus that removed (e.g. crop
yield) (Hatfield and Dold, 2019). In the context of managed forests, harvesting not only causes
emissions of ecosystem carbon to the atmosphere (e.g. through activities such as the burning or
decomposition of un-harvested material left on site), but also removes biomass from the site to
be used in the forest product sector as harvested wood products such as lumber or paper
(termed ‘transfers’ or ‘removals’). Some carbon is then subsequently emitted during the
manufacturing process, while carbon is stored in harvested wood products for differing lengths
of time depending on the life cycle characteristics of the end product mix. While there have been
some past inconsistencies, how or if the carbon stored in harvested wood products is accounted
for depends on the purpose of the specific study (IPCC, 2006; Kurz et al., 2009).

𝑁𝑃𝑃 = 𝐺𝑃𝑃 − 𝑅𝑎

Equation 1

𝑁𝐸𝑃 = 𝑁𝑃𝑃 − 𝑅ℎ

Equation 2

𝑁𝐵𝑃 = 𝑁𝐸𝑃 − 𝐸𝑑𝑖𝑠𝑡 − 𝐸ℎ𝑎𝑟𝑣 − 𝑇ℎ𝑎𝑟𝑣

Equation 3

Where, NPP is net primary production, GPP is gross primary production, Ra is autotrophic
respiration, NEP is net ecosystem production, Rh is heterotrophic respiration, NBP is net biome
production, Edist and Eharv are atmospheric carbon emissions from non-harvesting and harvest
disturbance, and Tharv are transfers of carbon biomass to be used in harvested wood products.
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The net atmospheric exchange of CO2 is the sum of these opposing processes (sequestration,
emissions, and removals) across a given area for a defined period of time. If the carbon balance
results in a net uptake from the atmosphere (i.e. positive NBP, or positive accumulation of TEC)
then the ecosystem is said to be a carbon sink, whereas net emissions (i.e. negative NBP or
loss of TEC) are referred to as a carbon source. The characterization of an area as either a sink
or source is important because it indicates if it is likely to contribute to or be able to mitigate
climate change and the atmospheric concentration of CO2. Stinson et al. (2010) estimated that
Canada’s managed boreal forest had an average NPP of 809 Tg C year-1, a NEP of 71 Tg C
year-1, and NBP of 2 Tg C year-1 from 1990 – 2008 (where 1 Tera-gram (Tg) is equivalent to 1
million Megagrams (106 Mg) of carbon). Across a given landscape, the uptake, emission, and
storage of carbon by forests depends upon many factors, including climate regime and
variability, site productivity, species characteristics, age distribution of the forest, as well as the
type, magnitude, and severity of forest disturbances (Curtis and Gough, 2018; Goodale et al.,
2002; Goward et al., 2008; Kurz et al., 2013; Sharma et al., 2013).

2.1.2

Carbon and Forest Disturbance

This section discusses how the uptake and storage of carbon in forests is affected by the agents
of forest change that have dominated the study region historically, including harvesting, insect
damage (with a focus on MPB), and wildfire. Understanding how the forest’s ability to sequester
and store carbon is affected by these agents of change is imperative for effective forest
management and climate change mitigation.

2.1.2.1

Stand-Level Disturbance

Forest disturbances directly affect carbon stocks and sequestration by removing biomass,
disturbing soils, and reducing photosynthetic capacity (Amiro et al., 2010). The three main types
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of forest disturbance in the study region (harvesting, MPB, and wildfire) affect stand-level
carbon dynamics in different ways.

Harvesting transfers a portion of biomass to harvested wood products and halts tree growth,
replacing mature forest with small trees that are slow to accumulate carbon during the early
stages of growth. Below ground biomass can be significantly reduced as skidding disturbs the
forest floor during harvesting and post-harvest Rh is increased (Simard et al., 2020). If residues
are burnt, then carbon is immediately released into the atmosphere. Increased Rh means the
site can be a net carbon source in the years directly following harvesting. Brown et al. (2010)
found that regenerating clear-cut stands were still a growing season carbon source 10 years
after harvesting.

Following insect caused mortality, photosynthesis and carbon uptake drop dramatically, and
living biomass is transferred into dead organic matter (DOM) pools through leaf fall and the
death of roots, stems, and branches, to decay over a number of years. Although there are far
fewer eddy covariance studies after non-replacing insect disturbance (Rebane et al., 2019),
depending on the characteristics of a given insect attack, the site’s climate, and vegetation
characteristics, the impact on carbon dynamics can vary widely. Eddy covariance data from
severely MPB-affected stands suggest that those with significant levels of secondary structure
do not become carbon sources over extended periods (Brown et al., 2010; Brown et al., 2012;
Mathys et al., 2013).

Coniferous boreal forests can lose up to 50% of TEC during wildfire disturbance (Walker et al.,
2020) as combustion releases carbon from biomass directly to the atmosphere. Post wildfire,
there are additional carbon losses due to tree mortality, soil carbon loss, and elevated rates of
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respiration. Post wildfire photosynthesis and carbon uptake rates drop following the amount of
tree mortality and vegetation response (Bond-Lamberty et al., 2004; Dore et al., 2012).

2.1.2.2

Forest Recovery and Aging

The trajectory of forest recovery and regeneration after disturbance depends on the
characteristics of the site and disturbance agent, as well as the time since disturbance.
Harvested sites are normally restocked with seedlings in BC using a combination of planting
and natural regeneration (MFLNRORD, 2019c), however the small and initially slow growing
trees, and increased rates of respiration create a carbon source for years after harvesting.
Estimates vary on how long a given site may remain a carbon source. For example, an eddy
covariance study in coastal Douglas-fir showed that it was still a carbon source 24 years after
harvesting (Humphreys et al., 2006), whereas other studies in various types of boreal forests
from across Canada (Jack pine, mixed deciduous forests, eastern White Pine, Black Spruce)
estimated that it took between six and 19 years after disturbance before the stand became a
carbon sink (Bond-Lamberty et al., 2004; Coursolle et al., 2012; Gough et al., 2007; Peichl et
al., 2010; Zha et al., 2009).

It is often assumed that the re-establishment and growth of treed vegetation is faster on
harvested sites compared to those after wildfire where regeneration delays can be years to
decades long due to lack of suitable seedling and seed recruitment and slower growth from
vegetation competition and high post fire seedling densities. However, Mkhabela et al. (2009)
found higher rates of GEP and respiration after wildfire compared to harvesting across a
chronosequence of boreal forest sites, likely due to differences in vegetation and decomposition
after wildfire compared to harvesting. Indeed, many studies have reported faster initial
vegetation recovery after wildfire, likely due to site conditions following disturbance (Bartels et
al., 2016). Rapid recovery of deciduous vegetation after wildfire allowed midday peak CO2
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exchange to recover after 4 years in a study in boreal forest (Goulden et al., 2006). While a
study focused on post fire recovery in the dry Douglas-fir and Ponderosa pine sites found that in
8 years, NDVI had recovered to ~60% of pre-fire NDVI, meaning full recovery could take
decades (Ireland and Petropoulos, 2015). This is consistent with other studies showing that the
residual vegetation is important for regulating carbon dynamics after disturbance across all
forest disturbance types (Amiro et al., 2010; Dore et al., 2012; Goetz et al., 2012; Reed et al.,
2014).

Eddy covariance studies after MPB disturbance have shown variable amounts of recovery in the
years directly after disturbance depending on understory and residual vegetation characteristics
(Brown et al., 2012; Mathys et al., 2013; Meyer et al., 2018). However, there are no comparable
studies of long term carbon dynamics post MPB (multi decadal), leaving much uncertainty in
what are likely highly variable long term recovery trajectories.

Conventional ecological theory predicts a decrease in forest productivity in later successional
stages as forests get past mature (Odum, 1971), however some recent evidence suggest that
increased structural complexity can sustain the carbon sink potential with little decline in NPP or
NEP as forests age (Curtis and Gough, 2018; Gough et al., 2016). Based on Moderate
Resolution Imaging Spectroradiometer (MODIS), Li et al. (2019) found NPP increased with
stand age, with NPP values ranging between 311.7 and 573.6 g C∙m−2 across a region in north
eastern China. On the other hand, chronosequence studies across various boreal forest types
have shown that the strength of the forest carbon sink may peak at younger successional
stages before declining at mature and old ages (Wu et al., 2014). For example, Zha et al. (2009)
found that southern Canadian boreal Jack Pine forest was a moderate sink at 30 years,
declining to a weak sink at 90 years. Of the White Pine sites measured in southern Ontario, one
study found that GPP, NEP, and NPP in were the greatest in the 19 year old forest, declining
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with age afterwards (at the 34 and 69 year old stands) (Peichl et al., 2010). A seven site
chronosequence eddy covariance study in Black Spruce in Manitoba, found that NEP varied
consistent with the theory of Odum (1971) with NEP increasing to strong sinks in middle age,
and then decreasing to NEP around zero in old age (Bond-Lamberty et al., 2004). However,
chronosequence type studies must be interpreted with caution as they cannot control for all
differences between sites. In addition, these stand-level studies are usually at a few discrete
ages (e.g. young versus old) and are in specific forest types, leaving the need to interpolate
findings across a continuous age range and a wide range of forest types. There is a lot of
variation in studies on age related progression of carbon dynamics, with no universal consensus
unifying all forest and climate types. Additionally, forests with multi-aged cohorts and complex
structures are often not well reflected in either the inventory or in the selection of study sites.
This may result in a bias towards less information in these types of forest.

2.1.2.3

Landscape Scale

The uptake and storage of carbon by forests varies spatially and temporally across a landscape.
A forested landscape generally consists of stands of different ages, disturbance histories, and
species, growing on a range of site conditions at different rates (Kurz et al., 2013). These
diverse combinations of forest age, species, and stand structure, in various stages of
disturbance and recovery, complicate carbon dynamics through space and time. The landscape
level aggregate carbon balance is the sum of all individual forest stands, each at a different
stage. Because disturbances only affect a small portion of the landscape in a given year,
landscape-level carbon dynamics are relatively stable compared to stand-level dynamics.

At the regional scale, multiple forest disturbance types and forest recovery occurs cumulatively
across the landscape. Large-scale forest disturbance and their effects on forest productivity are
major drivers of carbon dynamics (Shaw et al., 2021; Williams et al., 2016). Additionally,
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landscape age structure is a critical factor determining regional-level forest carbon budgets as
stands of different age can have greatly different NEP (Curtis and Gough, 2018; Trofymow et
al., 2008). Wildfire is the dominant disturbance throughout boreal forests, driving emissions
(Amiro et al., 2001; Bond-Lamberty et al., 2007). However other disturbances such as oil and
gas development, insects, harvesting, wind, reforestation, and deforestation can be important in
specific areas (Harris et al., 2016; Shaw et al., 2021; Williams et al., 2016).

Additionally, disturbance agents and the forest characteristics that they produce can interact, for
example, changes in fuel loads from MPB attack can alter fire behavior (Kane et al., 2017).
Thus, it is important to assess and understand the regionally specific sources and impacts of
cumulative forest disturbance on regional forest carbon budgets and forest dynamics behind
them (Harris et al., 2016; Hicke et al., 2013; Williams et al., 2012a).

Management direction is usually given at the regional or landscape scale, so it is important to
understand forest carbon implications at that same scale. There is a strong positive link
between the global distribution of forest carbon and species richness (Thompson et al., 2012). It
has been shown that managing for regional or landscape-level ecological integrity can also have
carbon mitigation co-benefits (Sharma et al., 2013).

2.1.3

Methods

A variety of methods are used to measure forest carbon exchange and storage, and this section
reviews commonly applied forest carbon quantification methods from the tree to regional level.

2.1.3.1

Field Sampling and Inventory

There are a variety of direct field measurement techniques used to measure the carbon of
individual trees and forest stands. The most basic way involves recording the diameter, height,
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and species of trees in the plot. Then, the biomass and carbon of the components (branches,
trunk, foliage, roots) can be calculated using existing local allometric equations (Hember et al.,
2017; Shaw et al., 2014). Natural Resources Canada has developed functions for major tree
species across Canada (Lambert et al., 2005; Ung et al., 2008). Remeasuring the same tree or
plot at multiple time intervals gives an estimate of the rate of carbon uptake during that period
(NEP).

Destructive sampling of trees (i.e. cutting and weighing their individual parts) gives the data
required to form allometric equations and are direct field measurements of tree carbon. Tree
components are weighed fresh in the field and then subsamples are re-weighed after drying to
correct for water content. Understory trees and shrubs, litter and soil layer samples are
collected, weighed, and sent for laboratory analysis of carbon content (Bowler et al., 2012).
Direct field measurements of carbon stocks are time intensive but necessary to calibrate and
verify allometric equations and other methods. Carbon stocks are usually measured as mass of
carbon per unit area, for example tonnes of carbon per hectare (t C ha-1).

Below ground carbon is stored in the soil, roots, and microbial biomass. Soil samples are sent to
a laboratory for analysis of carbon content. Methods of directly measuring the carbon in roots
are laborious and expensive and therefore allometric equations are usually used. Natural
Resources Canada used 696 plot measurements of above ground biomass components,
deadwood, forest floor and soil carbon to calibrate and validate the Carbon Budget Model of the
Canadian Forest Sector 3 (CBM-CFS3) (Shaw et al., 2014). Long term decay rates of litter and
woody debris were studied using 12 years of litterbag decomposition data from litterbag
experiments across Canada (Smyth et al., 2009).
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2.1.3.2

Eddy Covariance

The last two decades have seen a large increase in the implementation of eddy covariance sites
across the globe, coordinated under the FLUXNET network. Baldocchi (2008) tallies over 400
long term research sites. Eddy covariance is a technique that calculates the flux density of
gases such as CO2 and H2O between vegetation and the atmosphere from measurements of
vertical wind speed and gas concentrations. Instrumentation includes (but is not limited to) infrared gas analyzers to measure gas concentrations and an anemometer to measure T, water
vapor density, and wind speeds.

A central assumption in the eddy covariance method is that the tower footprint is uniform, with
flat terrain, even vegetation, and steady atmospheric conditions. These assumptions are rarely
met in natural systems, so errors associated with this need to be minimized and recognised
during the design of the experiment and interpretation of results (Baldocchi, 2008).

Eddy covariance measures the net signal between the offsetting ecosystem-level fluxes of GPP
and ecosystem respiration (Rh plus Ra), which can be inconsistently termed NEE or NEP
depending on the publication. Soil decomposition is often assumed to be negligible. As eddy
covariance measures the net exchange, GPP and ecosystem respiration are estimated using
some key assumptions. Ecosystem respiration is often calculated based on nighttime NEE
measurements when it is assumed that photosynthesis is zero and therefore gas exchange is
due entirely to ecosystem respiration (Amiro et al., 2010; Sur and Choi, 2014).

Additional complementary measurements such as sap flow and isotopic analysis can be used to
enhance the information from eddy covariance (Biederman et al., 2014b; Klein et al., 2016). For
example, Kilinc et al. (2013) set up two eddy covariance towers, one above the overstory and
one below the main canopy above the understory to partition carbon fluxes by canopy layer.
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In general, the use and comparison of more than one method of sampling can yield further
insights and increase certainty in carbon dynamics. Comparison of biometric and longer term
(10 year) eddy covariance measurements generally show closer convergence between change
in ecosystem carbon and cumulative NEP in older stands with the highest variability in young
regenerating stands (Ferster et al., 2015; Hopkinson et al., 2016; Theede, 2007), although
Peichl et al. (2010) found good agreement in the oldest and youngest boreal forest stands (69
and 6 years) but not the middle aged stands (19 and 34 year old). Ferster et al. (2015)
compared and assessed the viability of using eddy covariance measurements with those from
coupled inventory measurements and modeling, finding that differences between the sample
footprint need to be considered carefully when comparing results from different methods.
Hopkinson et al. (2016) proposed a method to integrate airborne laser scanning and eddy
covariance to scale up carbon dynamics, one that enhances accuracy particularly in
regenerating forest.

2.1.3.3

Forest Carbon Models

Modeling represents the main method of incorporating tree or stand-level estimates of carbon
and our knowledge of how disturbance and growth processes affect forest carbon dynamics into
a landscape level or time varying analysis. Forest carbon models can generally be grouped into
two categories: those that use empirical yield curves to drive estimates (i.e. inventory based),
and models whose growth is driven by simulating photosynthesis (i.e. process based) (Kurz et
al., 2009). There are also hybrid models of these two main categories that integrate processbased simulation with inventory estimates. There are many examples of process-based or
inventory-based carbon models being applied to represent carbon dynamics at multiple scales.
This section is a summary from a review of widely used forest carbon models.
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Examples of inventory-based forest carbon models that use empirical yield curves to drive
estimates are CBM-CFS3 and CO2FIX. These models generally use data commonly available
to forest managers such as merchantable volume of wood, stand type and age. Equations for
converting volume to biomass may be used. Because of the nature of empirical yield curves, the
base simulated time step is usually annual (Kurz et al., 2009). These models capture the
average past growth of stands well but are insensitive to inter-annual variation in growing
conditions, e.g. a drought year. Because they are based on past growth, they cannot take into
account altered conditions and therefore may be of limited use for long term projections into the
future under a changing climate (Trofymow et al., 2008). At the very least, long term projections
using empirical yield curves need to fully acknowledge and explain this uncertainty. The CBMCFS3 model has been used to investigate the reduction and estimate recovery of carbon
sequestration and biomass in BC’s recent MPB epidemic as well as Canada-wide carbon
accounting (Bernier et al., 2010; Kurz et al., 2008a; Sharma et al., 2013; Stinson et al., 2010).

Process-based forest carbon models, where growth is driven by simulating photosynthesis
include the 3-PG, and BIOME-BGC, boreal ecosystem productivity simulator (BEPS), and
Canadian Terrestrial Ecosystem Model (CTEM) (Gonsamo et al., 2013; Kurz et al., 2009;
Landsberg and Waring, 1997; Peng et al., 2014). Common inputs include leaf area index (LAI),
and multiple climate and soil variables. Because of the mechanistic nature of these models, the
base time steps range from hourly to monthly. These types of models are particularly useful in
areas with no empirical yield data and to refine our understanding of factors that are not
currently represented in empirical models, such as the impacts of increased CO2 fertilization,
nitrogen deposition, and climate change (Trofymow et al., 2008). Process-based forest carbon
models are more likely to be coupled to other values such as water or nutrient cycling,
enhancing their usefulness for investigating resource interactions.
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CTEM is a process-based carbon model that has been used to generate BC-wide estimates of
carbon flux and estimate how they are affected by MPB, forest fires and a wetter, warmer
climate with increased atmospheric CO2 concentrations (Arora et al., 2016; Peng et al., 2014).
3-PG is a widely used process-based model that has been parameterized for three major
species in BC and can be used to calculate biomass (Coops and Waring, 2011; Coops et al.,
2011; Coops et al., 2005; Landsberg et al., 2003). There are some hybrid models such as
FORECAST (Seely et al., 2002; Wei et al., 2003) and TRIPLEX (Peng et al., 2002; Wang et al.,
2012) that integrate both inventory measurements with processed-based modeling in order to
capture the advantages associated with each category (Wang et al., 2013).

Models offer a convenient and flexible format with which to upscale observations and represent
processes, and can increase the precision of carbon stock estimation over large areas (Kurz et
al., 2016). They allow for historical reconstruction of carbon stocks and fluxes (Smiley et al.,
2016; Stinson et al., 2010; Tian et al., 2010b; Trofymow et al., 2008) and forward looking
analyses under different land use and climate change scenarios (Arora et al., 2016; Landry et
al., 2016). However, it should be recognised that models are imperfect representations of realworld systems. Robust calibration and validation against appropriate independent data is
important (Kurz et al., 2016). They should be used with estimates of uncertainty. More explicit
models may take a lot of expertise to confidently run, and data requirements may limit the scope
of implementation.

2.1.3.4

Remote Sensing Algorithms

One particular class of models are those that are driven by algorithms that are applied to
satellite-derived remote sensing products. Satellite borne remote sensors detect reflected light
in discrete wavebands and correlate these spectral indices to ground-based measurements
(Gibbs et al., 2007). Algorithms are used to convert the measurements firstly to vegetation
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indices (e.g. normalized difference vegetation index (NDVI), and enhanced vegetation index
(EVI)). Then the vegetation indices are converted into estimates of productivity, for example
GPP and NPP using the fraction of Photosynthetically Active Radiation (fPAR) used by plants.

The NDVI, EVI, land surface temperature (LST) and winter season fractional snow covered area
(FSCA) from MODIS and Landsat images have been shown to successfully track the temporal
and spatial patterns of widespread disturbances such as harvesting and MPB mortality (Assal et
al., 2014; Baker et al., 2017; Liang et al., 2014; Meddens and Hicke, 2014). This is important
because forest disturbance is a major driver of landscape-level carbon dynamics and therefore
consistent and complete records of natural and anthropogenic disturbance are required for
accurate carbon accounting (Kurz et al., 2016). However, the use of repeated observations from
remote sensing has largely been focused on large or extreme disturbances, with its utility to
detect small or subtle changes largely obscured (Kennedy et al., 2014).

The MODIS MOD17 GPP and NPP algorithms are widely known and used models that are
applied to satellite-based inputs such as fPAR (Chen et al., 2020; Zhao et al., 2005). Studies
comparing MODIS GPP or NPP to that from eddy covariance towers have found good overall
agreement across global gradients (Sims et al., 2008; Xiao et al., 2008; Zhao et al., 2005), but
lower accuracy in areas of complex terrain, human alteration, and complex vegetation such as
tropical forests or low carbon patchy forests, low or high productivity, high rates of forest
disturbance or land use change (Chen et al., 2020; Gibbs et al., 2007; Jay et al., 2016; Sims et
al., 2008; Zhao et al., 2005). Satellite data has the advantage of repeat, consistent data with
global coverage that is freely available online. However, use may be constrained by the
temporal and spatial scale of the available input satellite data (e.g. MODIS MOD17 is at 1 km
spatial scale and an 8 day temporal scale, available since 2000). Kurz et al. (2016) found that
many factors affected the accuracy of remote sensing products including: season (dry versus
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peak growing season), the change detection algorithm used, pixel size (250m vs 30m); cloud
cover, and choice of base product (MODIS or Landsat). Chen et al. (2020) compared MODIS
GPP to 13 eddy covariance sites across Canada and found low R2 and significant bias in
monthly and annual GPP from MODIS, where in low productivity forested ecosystems GPP was
significantly underestimated and in overestimated in high productivity forests.

While remote sensing cannot directly estimate carbon stocks, remote sensing products, in
conjunction with ground estimates and relational equations, can be used to estimate landscapelevel carbon stocks (Gibbs et al., 2007; Vicharnakorn et al., 2014). Because remote sensing
relates spectral indices to productivity or LAI, they need significant ground calibration and
bounding and must be used with realistic estimates of error and uncertainty.

2.1.4

Summary and Research Gaps

In summary, quantification of the regional-scale forest carbon balance is needed to support
effective climate change mitigation strategies. A landscape can be described as a ‘sink’ when
the net uptake of carbon from the atmosphere is positive, and a ‘source’ when the area is a net
emitter of carbon. Cumulative forest disturbance can significantly affect carbon dynamics, and in
the study area, severe disturbance in the early 2000s has been shown to convert the forests in
the interior of BC from a carbon sink to a source (Arora et al., 2016; Kurz et al., 2008a).
However, it is uncertain if these forests are still a carbon source, or if they have begun to
recover from the effects of the MPB epidemic.

Models are often used to scale up stand level knowledge on carbon processes to the landscape
level. Previous studies in the region have mainly focused on the MPB outbreak, rather than
cumulative forest disturbance, and were completed many years ago, when there was
considerably more uncertainty in the area to be affected by MPB, rates of regeneration, and the
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effect of wildfires (Arora et al., 2016; Kurz et al., 2008a; Metsaranta et al., 2011; Peng et al.,
2014). Given the uncertainty in these key areas, the current status of the regional carbon
balance (i.e. source or sink) and the regional forests’ ability to contribute to climate change
mitigation in the short to mid term future is also uncertain (Metsaranta et al., 2011). There is a
clear need to reassess the regional carbon balance with up-to-date information and explicitly
including cumulative forest disturbance, most notably in the study area; MPB, wildfires, and
harvesting.

2.2

Estimation of Evapotranspiration

The focus of this thesis is how forest disturbance has affected regional-scale forest carbon and
water coupling. In this analysis, annual water use or water consumption by forests was
represented by ET. Hence estimation of ET, in particular in relation to forest disturbance across
large landscapes, is an important variable to quantify.

2.2.1

Physical and Biological Influences on Evapotranspiration

Forests directly affect the terrestrial water cycle through their influence on precipitation (P),
interception, ET, and soil properties. ET can return a large portion of the water entering a
system as P back to the atmosphere. Estimates range from near to 100% of annual P in warm,
arid environments to 40% in cool, wet areas of the USA (Burba et al., 2016), on average 60 –
70% of P (Sun et al., 2016a).

ET is comprised of two distinct processes: evaporation and transpiration. Evaporation is the
vaporization of water from surfaces such as soil, tree canopy and water bodies into the
atmosphere. In mature forested ecosystems, the majority of evaporation can come from canopy
interception (Liu et al., 2015). Evaporation is driven primarily by climate (e.g. T, solar radiation,
humidity, vapor pressure deficit), but vegetation characteristics also influence evaporation

23

through physical properties such as soil and wind exposure. Transpiration is the process by
which water moves through plants to be released into the air from the leaf stomata.
Transpiration rates are affected not only by the physical processes associated with differences
in climate but are heavily affected by characteristics of the existing forest cover. The
transpiration component of ET, expressed as the fraction of transpiration to total ET, is the
dominant driver of ET on average (Schlesinger and Jasechko, 2014). Jasechko et al. (2013)
used isotopic analysis to estimate that transpiration represents 80 – 90% of terrestrial ET
globally, while sap flow was about 50% of the total eddy covariance based ET measured at a
forest site in the Southeastern USA (Wilson et al., 2001). Given this dominance of transpiration
in total ET, improvements on methods to ET estimation should focus on transpiration (Jasechko
et al., 2013).

The ongoing effects of non-stationary climate change add additional uncertainty to the
estimation of future ET. The fertilization effect from increased CO2 concentrations is expected to
decrease transpiration as stomatal conductance decreases per unit leaf area; however, some
studies indicate that other compensatory plant responses such as longer growing seasons,
enhanced evaporative demand, or increased leaf area may offset these predicted effects of
stomatal closure (Frank et al., 2015). On the other hand, future T increases may increase ET,
and the relative importance of change in CO2 concentrations and T is currently being studied but
likely varies widely (Kirschbaum and McMillan, 2018). The predicted changes to P patterns vary
regionally around the world, as do other drivers of ET such as increased plant stress (e.g.
drought, insects) (Brooks et al., 2011; Domec et al., 2012; Kurz et al., 2008a). Analysis of long
term weather station data has shown that western Canada has become warmer (0.5 – 1.5 oC)
and wetter (15 – 35%) through the 20th century (1900 – 1998) (Zhang et al., 2000).
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Pan et al. (2015) estimated that ET averaged 549 mm year−1 from 2000 – 2009 globally, while a
process-based modeling study in the southern USA estimated an average ET of 710 mm year−1
from 1895 – 2007, with no strong increasing or decreasing trend through time (Tian et al.,
2010a). Within the interior of BC, stand-level estimates of forest ET vary widely due to the
extensive differences in climate throughout the region, however average annual ET estimates
from water balance, MODIS and models are in the 300 – 500 mm year−1 range (Li et al., 2018a;
Wang et al., 2015; Zhang and Wei, 2012; Zhang et al., 2017b).

Clearly ET is an important term in the terrestrial water balance, and both the physical
processes, biological aspects and their interactions should be represented within any calculation
framework.

2.2.2

Evapotranspiration and Forest Disturbance

Because forests directly influence the mechanisms of the hydrologic cycle, it follows that
changes in forest characteristics affect many aspects of the hydrological cycle and undoubtably
have a large impact on stand-level ET. Globally, it is estimated that human caused land cover
change has reduced ET by 5% (Sterling et al., 2013). Forest disturbances can be both human
(e.g. afforestation, deforestation, and reforestation) and non-anthropogenic (e.g. wildfire, insect
disturbance). Climate change is arguably an indirectly human caused agent of forest change.

2.2.2.1

The Effects of Forest Disturbance at the Stand Level

Forest disturbance affects both components of ET, and the net effect of disturbance is variable
and dependent not only on the characteristics of the disturbance itself, but also the existing
forest (e.g. understory, productivity), as well as site or climatic conditions (Goeking and
Tarboton, 2020).
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Following the removal of forest canopy, evaporation and sublimation rates from wet exposed
soil are often greater than from a shaded understory and litter covered soil (Winkler et al.,
2010). Evaporation of canopy intercepted P can account for 10 – 30% of the total incoming P in
the Pacific North West (Moore and Wondzell, 2005), and this is reduced substantially with forest
disturbance.

Forest disturbance halts photosynthesis and reduces transpiration, which usually is large
enough to offset any increased evaporative losses, leading to a net decrease in ET and
increased soil water storage. After clear-cut harvesting, this net decrease in ET has been found
to be consistently the case (Goeking and Tarboton, 2020; Hubbart et al., 2007; Moore and
Wondzell, 2005; Rannik et al., 2002; Winkler et al., 2017), with large variations in magnitude
ranging up to a 70% reduction in ET found in high - productivity coastal Douglas-fir (Jassal et
al., 2009). Similarly, studies consistently find a reduction in ET after severe wildfire (Dore et al.,
2012; Poon and Kinoshita, 2018). Although studies of ET in stands after partial-cutting are rare,
Mathys et al. (2013) found similar ET in partially harvested and MPB attacked stands within the
study area. Dore et al. (2012) found small and transient (detectable for less than 5 years) effects
on ET after thinning in a Ponderosa pine study, while other studies have found no change
following thinning (Skubel et al., 2015).

Studies on ET after non-stand replacing insect and wildfire disturbances are less consistent,
most find either no change in ET (Brown et al., 2014; Clark et al., 2012; Meyer et al., 2017), or a
drop in ET (Clark et al., 2012; Dore et al., 2012; Kim et al., 2017). However, a recent synthesis
in western coniferous forests found that sometimes post-disturbance ET increased, and these
cases were characterized by areas where understory and soil fluxes were higher after nonstand replacing disturbances (Goeking and Tarboton, 2020). Reductions in ET may be
proportional to the reduction in photosynthesizing vegetation, for example, Clark et al. (2012)
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explained roughly 80% of the variation in ET by changes in LAI after partial defoliation and
prescribed burning. While increased ET from the surviving vegetation (residual overstory and
understory) explains cases where no change in ET was found (Brown et al., 2014).

2.2.2.2

The Effects of Forest Disturbance at the Watershed Scale

At the watershed scale, studies after high levels of forest harvesting have been shown to impact
streamflow and ET (Hubbart et al., 2007). The results from paired watershed studies, although
they focus on the effect of forest disturbance on streamflow, also provide insight into changes in
ET with forest disturbance (Zhang and Wei, 2021). In general, summaries of paired watershed
studies conclude that a reduction in forest cover increased annual water yield and therefore
decreased ET, however variation in magnitude can be large (Bosch and Hewlett, 1982; Brown
et al., 2005; Stednick, 1996; Zhang and Wei, 2021). However, paired watershed studies are
mostly in smaller watersheds (< 10 km2) and quickly induce high levels of forest change, leaving
many situations unrepresented (Wei et al., 2013). Those in larger watersheds, with gradual or
smaller proportions of forest change, or non-harvesting disturbance, are less likely to find a
statistically significant change in mean annual streamflow or ET (Li et al., 2017; Zhang et al.,
2017a). With large scale insect disturbance, some studies have found changes in ET (Kim et al.,
2017; Mikkelson et al., 2013). Three regional MODIS-based studies in BC and the Colorado
Rockies found decreases in summer ET after widespread MPB mortality of 19% (Maness et al.,
2013), 18.7% (Vanderhoof and Williams, 2015), and 13 – 44% (Bright et al., 2013). Niemeyer et
al. (2020) found reductions in ET between 34 – 45% in three experimental watersheds in the
Pacific Northwest in the seven years after wildfire. However, many other studies at the
watershed or larger scale did not find any change (Biederman et al., 2014b; Biederman et al.,
2015; Goeking and Tarboton, 2020; Penn et al., 2016). This is likely through a few different
mechanisms, possibly because unaffected areas within the watershed may mute the hydrologic
response (Penn et al., 2016), or stand level increases in evaporation offset decreases in
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transpiration as postulated by Biederman et al. (2014b), or through compensation from residual
stand level vegetation (Brown et al., 2014).

2.2.2.3

The Effects of Afforestation and Forest Species Conversion

Forestation activities (afforestation or reforestation) generally cause a decrease in annual water
yield due to the increase in ET (Farley et al., 2005). Although this is a concern in areas where
plantation forestry and water availability are in conflict (Li et al., 2012; Zhang et al., 2011),
maintaining longer rotation ages may mitigate negative water yield in areas where water supply
is constrained (Scott and Prinsloo, 2008). The magnitude of annual water yield reduction
depends on forest types, soil characteristics, watershed features, climatic conditions, and
management practices (Bruijnzeel, 2004; Moore and Wondzell, 2005; Wei et al., 2008).

In China, where there have been substantial increases in vegetation cover since the 1980s (~
10% increase in LAI and ~41.5 million ha increase in forested area) (Li et al., 2018b), and where
the effects of afforestation on water supply is a concern, ET has significantly increased. Across
China, it is estimated that on average an increase in forest cover of 4.5% has resulted in an
increase in ET of 8.2% (Ning et al., 2020). However in some areas, due to the effects of P
recycling, Li et al. (2018b) found that this did not always result in a drop in soil moisture.

Forest transpiration rates vary by species, and therefore ET rates can be affected by the
conversion of one vegetation type to another (Zhang et al., 2001). For example, hardwoods
have lower stomatal resistance and therefore a higher transpiration rate per unit of leaf area
than conifers (Winkler et al., 2010). Conversely, the conversion from native deciduous forest
cover to Norway spruce plantation decreased streamflow in an experimental watershed in north
eastern USA (Young et al., 2019). In parts of the world, the high transpiration rates of
Eucalyptus species are especially of concern as Eucalypt plantations may reduce water flow by
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75% in the period of rapid growth after planting (Alvarez-Garreton et al., 2019; Scott and
Prinsloo, 2008; Wei et al., 2008).

2.2.2.4

The Effects of Forest Recovery and Aging

As forests recover through time after disturbance, their structure and productivity change, and
ET also varies through a number of mechanisms. During the decades following a typical
progression after a stand-replacing disturbance, individual trees grow larger altering their
hydraulic properties and ability to access moisture in the soil profile. Concurrently, total stems
are reduced and forest understory and non-treed species adapt to increased shading from the
overstory canopy (Irvine et al., 2004). Of course, there are many variations with the age related
trajectory of ET, depending strongly on site characteristics such as the stand canopy structure
and complexity, climatic interactions, and disturbance type (Irvine et al., 2004; Monson et al.,
2010).

Generally, ET recovers from the drop associated with forest disturbance as the stand ages, with
ET increasing with age from early rotation to mid rotation (Domec et al., 2012). In a
chronosequence of coastal Douglas-fir sites, ET had recovered when stand age was ∼12 years
(Jassal et al., 2009). In a nearby drier ecosystem, a long term study found that ET had
recovered 35 – 41 years after salvage logging but ET had not yet recovered 41 years after
wildfire (Niemeyer et al., 2020).

Vanderhoof and Williams (2015) investigated long term reductions in summer ET post MPB
mortality in the Colorado Rockies using the MODIS ET algorithm and ground plot data. While a
reduction of 18.7% in summer ET was observed in forest 14 – 20 years post MPB, a 21.6%
increase was found in intermediate aged stands 30 – 40 years post MPB mortality. Commonly
when comparing similar or natural forests, older stands are assumed to have higher rates of ET,
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as many chronosequence or studies that compare ages have found (Domec et al., 2012; Skubel
et al., 2015). But in some climatic regimes, patterns of total ET can be surprisingly stable, as
found in a study of dry 25, 90, and 250 year old Ponderosa pine sites in central Oregon (Irvine
et al., 2004). Here, differences in the seasonality of tree water use and stand structure led to
similar total ET at the three sites.

However, when comparing fast growing plantation forests to existing natural forests, studies
have found that fast growing young to middle aged stands can use more water (Naranjo et al.,
2012; Perry and Jones, 2017; Scott and Prinsloo, 2008), which is a concern for water supply in
some areas. Perry and Jones (2017) found that 34 – 43 year‐old plantations of Douglas-fir
decreased summer streamflow by 50%. While Scott and Prinsloo (2008) found peak impact on
water yield from Pine and Eucalyptus plantations was around 10 – 20 years, and from there
reduced towards pre-afforestation levels as the plantations matured. Under conditions of nonlimiting soil water, Irvine et al. (2004) found that a 25 year old stand’s ET was triple that of the
250 year old stand, but was reduced more significantly in periods of drought or water stress.

Given the extreme changes in ET with forest disturbance and the evidence towards recovery of
ET with increased forest age, it is clearly imperative to consider forest disturbance and recovery
in the calculation of ET, at the applicable spatial scale, time frame, and with applicable
interactions between climatic and forest types. The following section outlines and discusses
existing methods for ET measurement and estimation.

2.2.3

Methods of Quantifying Evapotranspiration

ET is measured or modelled at scales ranging from the site to global levels, for a variety of
different purposes. This section outlines common methods and discusses their limitations or
advantages in the context of calculating ET for this study (Table 2.1).
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Table 2.1. Summary of evapotranspiration methods at various scales
Scale or
component
Site or point

Method

Positive characteristics

Limitations

Weighing
lysimeter

Repeated whole tree ET
measurements available at high
frequency

Difficult to upscale, due to sample size and
variability, expensive, does not partition
ET, not practical in forest setting

Site

Eddy
covariance

High temporal resolution,
measures ecosystem water and
carbon fluxes simultaneously

High cost and expertise, need to use
assumptions to gap fill, potential errors
associated with energy closure, site-level
nature limits widespread applicability, does
not partition ET components

Watershed

Water
balance

Easy to measure, few methods
available at this scale

Need reliable Q and P estimates, only
applicable at longer term scales,
uncertainty introduced if using the
assumption ΔS = 0, limited to the spatial
extent of watershed boundaries and
temporal extent of Q and P data

Region to
globe

Remote
sensing

Consistent and repeated data,
global coverage, freely available

Limited years available (2000 onwards),
and coarse spatial resolution may limit
application at some scales, few studies
have assessed accuracy of remote
sensing based ET in forests (Sun et al.
2016a)

Site to globe

Mathematical
models

Describe physical process (e.g.
Penman-Monteith) mechanistically
or are observation based (e.g.
Budyko), widely implemented
across a range of sites, lower cost
data

Hard to implement accurately in areas with
poor data or where the physical processes
are not well described (e.g. permafrost).
More work needed to extend to other
applications

Site to globe

Hydrologic
models

Representation of ET usually
based on mechanistic
mathematical models listed above

Potential problems with equifinality, over
parameterization, and conceptual
representation of processes. Can need
large amounts of data and be technical to
implement

Note: PET is potential evapotranspiration, ET is evapotranspiration, and ΔS is change in watershed
storage.

The Bowen ratio and weighing lysimeter methods are widely used in agricultural applications but
less so in forest studies (Fang et al., 2016; Sun et al., 2016a).

2.2.3.1

Eddy Covariance

At the stand level, the eddy covariance method is the most widely used to study water fluxes
and has the advantage of fine temporal resolution (i.e. sub daily), and measures ecosystem
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water and carbon fluxes simultaneously (Domec et al., 2012; Williams et al., 2012b). Although
eddy covariance is widely as regarded as the benchmark or ‘gold standard’ for stand-level ET,
there can be associated measurement error, estimated between 10 – 30% (Allen et al., 2011).
At longer temporal scales some studies have concluded that soil moisture and water table
based methods can be just as reliable at quantifying ET as the eddy covariance method (Domec
et al., 2012). A potential drawback of the eddy covariance method is that it is a measure of total
water flux and does not partition ET into sub components that are important to some studies
(e.g. evaporation versus transpiration, understory versus overstory). However, additional
complementary methods can be added to separate out these components, for example
Biederman et al. (2014a) used eddy covariance ET, snowpack plots, streamflow, and stable
isotope indicators of evaporation to quantify hydrologic partitioning in MPB impacted forest. Sap
flow measurements provide valuable information on the transpiration component of ET, however
scaling these measurements upwards must be done with caution or be based on large sample
sizes (Wang et al., 2020; Wilson et al., 2001).

2.2.3.2

Water Balance

The water balance method is a method of indirectly measuring ET at the landscape level,
however it does come with some assumptions and limitations. Because it is difficult to directly
measure, the change in watershed storage is often assumed to be zero, limiting application to
the longer time frames (i.e. one year or longer). In addition, it is constrained to the spatial extent
of the watershed boundaries and the availability of complete streamflow records. In some areas,
notably mountainous or complex terrain, or areas with sparse weather stations, accurate
estimation of areal P and P falling as snow can affect the accuracy of ET estimates (Wang et
al., 2015). For example, using a very coarse P product (McKenney et al., 2011), Wang et al.
(2015) found large discrepancies between annual P and streamflow in the Pacific Maritime
ecozone of BC.
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Snow cover or snow fraction is an important variable that can influence the proportion of total P
available for annual ET through complex mechanisms such as snowmelt timing, seasonality of
P, and growing season length. Studies have shown that a higher fraction of P falling as snow is
associated with higher mean streamflow and therefore lower watershed ET, and year-to-year
variation in snow fraction has a significant influence on the annual streamflow within individual
watersheds (Berghuijs et al., 2014).

Ford et al. (2007) compared sap flow based estimates of transpiration plus surface area based
estimates of stand interception to ET from the water balance equation (P minus streamflow),
finding that they were 7 – 14% lower than water balance estimates and that the most important
factor in scaling up was landscape variation in tree density and sapwood area.

2.2.3.3

Remote Sensing

The MODIS global ET product is based on the Penman-Monteith equation, at a 1 km2 spatial
scale, calculated at the monthly and annual basis since 2000. Commonly, MODIS products are
compared to, or calibrated using ET estimates from eddy covariance sites (Fang et al., 2016;
Sur and Choi, 2014; Wang et al., 2015). However the limited years available, and coarse spatial
resolution may limit application at some scales. While previous studies have shown the utility of
the MODIS algorithm at the regional scale investigating changes in summer ET and land
surface T changes after MPB mortality (Bright et al., 2013; Maness et al., 2013; Vanderhoof and
Williams, 2015), there were some limitations identified with the lack of snow dynamics in the
MODIS algorithm that are important when calculating annual ET (Vanderhoof and Williams,
2015). Additionally, few studies have assessed accuracy of remote sensing based ET in forests
(Sun et al., 2016a), and uncertainties and bias may be introduced in some areas where there is
complicated input data. In particular, deficiencies have been reported in areas with complex
33

terrain (soils, meteorological data, albedo), multi-layered forests (LAI, fPAR inputs), and areas
with high levels of disturbance, human alteration, or sparse canopies (Mu et al., 2011; Sun et
al., 2016a; Wang et al., 2015).

2.2.3.4

Mathematical Models

Mathematical models are based on either descriptions of the physical process of ET (e.g. the
Penman-Monteith equation) or observation-based representations of ET (e.g. Budyko-based
equations) (Sun et al., 2016a). They can be applied across a wide range of scales and sites,
requisite upon the availability of input data. Mathematical models are hard to implement
accurately in areas with poor data or where pertinent physical processes are not well described
(e.g. permafrost). Fang et al. (2016) used data from 250 eddy covariance sites to develop an
equation for monthly ET that is dependent on coarse land cover types, LAI, P, and PET.
However, remote sensing based indices such as LAI may not be able to reflect non-stand
replacing disturbance and recovery processes well, so further regionalization and refinements to
this approach may be necessary.

Budyko postulated that climatic conditions are the dominant influence on long term partitioning
of P into ET or streamflow. The Budyko framework is a widely used schema that describes the
relationship of partitioning (ET/P) to that of the climate, expressed as the ratio of potential
evapotranspiration (PET) to P (Equation 4, Figure 2.2) (Budyko, 1974).
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Where, ET is actual annual evapotranspiration (mm), P is annual precipitation (mm), PET is
annual potential evapotranspiration (mm), tanh is the hyperbolic tangent function, and the ratio
of PET/P is often described as the dryness index.

Figure 2.2. Budyko framework and common equation formulations
Note: variation in climate is expressed as dryness index or the ratio of potential evapotranspiration to
precipitation (PET/P) and the fraction evaporated or evaporative index is the ratio of evapotranspiration to
P (ET/P).

Subsequent work has identified that watershed characteristics such as soil, topography and
vegetation also play a role in partitioning, resulting in the development of various alternative
empirical formulas. More recent variations by Zhang, Choudhury-Yang, and Fuh (Equation 5,
Equation 6, and Equation 7, respectively), introduce a watershed specific parameter that
represents the integrated effects of vegetation and other static watershed properties (such as
topography and soils) on water partitioning (Fuh, 1981; Yang et al., 2008; Zhang et al., 2004).
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Equation 6

Equation 7

Where, ET is evapotranspiration (mm), P is annual precipitation (mm), PET is annual potential
evapotranspiration (mm), Q is mean annual streamflow (mm), and w, n, and m are parameters
in the Zhang, Choudhury-Yang, and Fuh equations respectively, representing integrated
watershed characteristics (unitless). The ratio of P/PET in Fuh’s equation is often described as
the wetness index, the inverse of the dryness index defined in Budyko’s equation.

The m value in Fuh’s equation can be interpreted as a watershed’s ability to retain water for ET
(Zhou et al., 2015), and is an integrated representation of the influence of vegetation,
topography, and climate. For a given watershed, because watershed properties (e.g. size,
slope) are constant, any changes in m can be attributed to vegetation or land cover changes
(disturbance and recovery). This parameter has often been represented as watershed specific,
but static, averaged over a given study period and used to compare across broad topographic
or climatic gradients or vegetation types (Creed et al., 2014; Peel et al., 2010; Xing et al., 2018;
Xu et al., 2014; Zhang et al., 2004). However, this static representation of watershed properties
does not reflect the influence of vegetation dynamics on ET.

More recent studies have confirmed a relationship between the watershed parameter and
vegetation change (Ning et al., 2019; Yang et al., 2009; Zhang et al., 2018; Zhou et al., 2015),
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suggesting that any change in vegetation may be used to improve ET estimates. However, to
date, there have been few studies using the Budyko framework with variable m due to forest
change (Ning et al., 2020; Ning et al., 2017).

2.2.3.5

Hydrologic Models

Finally, hydrologic and land surface models usually represent ET using mechanistic
mathematical models as part of a larger hydrologic framework. In general, hydrologic models
must contend with potential problems of equifinality and over parameterization in the calibration
process. They may lack the conceptual representation of processes that are important in some
areas depending on the which ET model is used. For example, the Variable Infiltration Capacity
(VIC) model uses the Penman-Monteith equation to calculate ET (Wang et al., 2015) and
therefore may not represent some snow processes very well. Hydrologic models can need large
amounts of data and can be technical to implement but are very useful in exploring and
assigning confidence intervals to ‘what if’ scenario analysis.

2.2.4

Challenges with Estimation at Large Scales

ET is difficult to estimate accurately at the large watershed (e.g. >1000 km2) to regional scale
due to complexity in topography, various land cover types, and variability of climate inputs. ET
estimation errors or uncertainties associated with extrapolation from eddy covariance tower
footprints (Allen et al., 2011) to landscapes or regions can be large. It has been estimated that
the eddy covariance technique could underestimate ET by as much as 30% due to a lack of
energy balance closure (Sun et al., 2016a). Similar issues can also affect the key input climate
data used to model ET, such as P or T, especially in complex terrain or in areas with sparse
climate stations.
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Remotely sensed climate and vegetation datasets have been used to implement global ET
models (Sun et al., 2016b; Tian et al., 2010a). However, the time frame available and coarse
scales may hinder certain applications. Hydrologic models that incorporate vegetation dynamics
can be used to investigate ET at the regional scale but high data requirements and complicated
processes can be limiting (Govind et al., 2009; Martin et al., 2017). Budyko-based theoretical
equations have been widely used to investigate how long term water partitioning varies with
climate, vegetation, and watershed properties (Berghuijs et al., 2014; Budyko, 1974;
Gudmundsson et al., 2016; Shen et al., 2017; Tang and Wang, 2020; Zhang et al., 2004).
Results from hydrologic modeling and Budyko-based analysis may be comparable at larger
scales and across longer time frames (Li et al., 2012; Teng et al., 2012). For all these methods,
there are both data and methodological challenges to accurately represent vegetation dynamics
from forest disturbance and recovery through time and space.

2.2.5

Summary and Research Gaps

Forest water consumption, represented by ET, is a complex variable that is influenced by both
physical and biological factors. Forest disturbance is known to affect ET by reducing canopy
interception, transpiration, and altering physical site characteristics. Challenges with accurately
scaling up to the landscape mean that there are few studies focusing on the impacts of
cumulative forest disturbance on ET at the regional scale. There are no past studies covering
the full range of climates that are present across the central interior region of BC, Canada, that
explicitly consider forest disturbance, and can be adapted temporally and spatially as required.
Clearly, there is a need for more research on regional ET in the study region, using dynamic
estimates of how cumulative forest disturbance effects ET over space and time.
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2.3

Forest Carbon and Water Coupling

A plant’s uptake of CO2 from the atmosphere simultaneously occurs with the consumption of
water during the photosynthetic process, and therefore the trade-off or coupling between carbon
and water is a base characteristic of all terrestrial ecosystems. It is important to understand the
linkages between the carbon/energy cycle and the water cycle in terrestrial ecosystems as well
as how this relationship may change under various forest disturbance and climate alterations, in
order to effectively manage ecosystems for adaption and mitigation to global hydrological
change (Tang et al., 2014).

2.3.1

Definitions of Water Use Efficiency and Research Methods

The most common metric used to describe the relationship or coupling between forest carbon
and water is WUE. WUE is a direct representation of the ratio of carbon gain to water loss
during plant photosynthesis, a concept that scales effectively from the leaf to ecosystem to
national and global scale. WUE is the central metric for studying the interactive effects between
carbon and water fluxes because it couples the two cycles succinctly and effectively (Clark et
al., 2014; Keenan et al., 2013; Sur and Choi, 2014). At each different scale, there are variations
on the definition of WUE and research methods used (summarized in Table 2.2). Research
approaches used to study the forest carbon and water coupling at a variety of scales include
isotope analysis, the eddy covariance technique, the use of models, and remote sensing.
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Table 2.2. Water use efficiency definitions by scale
Type of
WUE
Leaf or tree

Equations

𝐴
=
𝑇𝑟

Leaf or tree
WUE

𝑊𝑈𝐸(𝑙𝑒𝑎𝑓 𝑜𝑟 𝑡𝑟𝑒𝑒)

Intrinsic
WUE

𝑖𝑊𝑈𝐸(𝑙𝑒𝑎𝑓 𝑜𝑟 𝑡𝑟𝑒𝑒) =

𝐴
𝐺𝑠

Measurement
techniques

Uses

Sources

Can be measured
using gas
analyzers, or
combination of
biometric and sap
flow
measurements

Species specific
needle or tree
physiology

Beer et al., (2009)
Monson et al. (2010)
Wang et al. (2020)

Can be measured
from carbon
isotopic
discrimination
(Δ13C) of tree
rings, porometers,
gas analyzers, or
isotopic analysis

Used to
investigate
functional traits of
species and
detailed
ecophysiological
mechanisms

Di Matteo et al. (2010)
Di Matteo et al. (2017)
Battipaglia et al. (2013)
Moreno-Gutiérrez et al. (2012)
Navarro-Cerrillo et al. (2016)
Ponton et al. (2006)
Sanders et al. (2016)

Eddy covariance,
biometric
measurements

Canopy level
ecophysiological
studies

Beer et al. (2009)
Wang et al. (2020)

Canopy
Intrinsic
WUE

𝑖𝑊𝑈𝐸(𝑐𝑎𝑛𝑜𝑝𝑦) =

𝐺𝑃𝑃
𝐺𝑐

Site to global
Ecosystem
WUE

𝑊𝑈𝐸 =

𝐺𝑃𝑃, 𝑁𝑃𝑃 𝑜𝑟 𝑁𝐸𝑃
𝐸𝑇

Eddy covariance
(site), various
types of modeling,
can be based on
remote sensing

Site to global
ecohydrological
studies

Sur and Choi (2014)
Tian et al., (2011)
Sharma et al. (2018)
Skubel et al. (2015)

Inherent
WUE

𝐼𝑊𝑈𝐸 =

𝐺𝑃𝑃 × 𝑉𝑃𝐷
𝐸𝑇

Eddy covariance
(at the site),
combined with
meteorological
methods, various
types of modeling

Investigate water
limitations,
parameter to
constrain or test
process-based
models

Huang et al., (2015)
Beer et al., (2009)
Sun et al. (2016)
Vickers et al. (2012)

Underlying
WUE

𝑢𝑊𝑈𝐸 =

𝐺𝑃𝑃 × 𝑉𝑃𝐷0.5
𝐸𝑇

Eddy covariance
(at the site),
combined with
meteorological
methods, various
types of modeling

Sub-daily
timescales that
consider the
nonlinear effect of
VPD on ET

Zhou et al. (2014)

Note: WUE is water use efficiency, iWUE is intrinsic WUE, IWUE is inherent WUE, uWUE is underlying
WUE, A is the rate of carbon assimilation, Tr is transpiration, Gs is stomatal conductance, Gc is canopy
conductance, GPP is gross primary production, NPP is net primary production, NEP is net ecosystem
production, ET is evapotranspiration, and VPD is vapor pressure deficit.

At the leaf level, the ratio between the CO2 assimilation rate (A) and stomatal conductance (Gs)
is termed “intrinsic WUE” (iWUE). iWUE is used to describe the biochemical functioning of
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plants and to investigate plant response to drought (Battipaglia et al., 2013; Beer et al., 2009; Di
Matteo et al., 2010; Di Matteo et al., 2017; Moreno-Gutiérrez et al., 2012; Navarro-Cerrillo et al.,
2016; Ponton et al., 2006; Ruehr et al., 2012; Sanders et al., 2016). iWUE varies amongst
species and is principally controlled by stomatal dynamics, which is strongly dependent on the
difference between ambient and inner leaf vapor pressure (Monson et al., 2010). At the
ecosystem scale, iWUE can be calculated as the ratio of GPP to canopy conductance (Gc)
(Ruehr et al., 2012; Wang et al., 2020). Leaf-level WUE is measured using gas analyzers,
biometric measurements, and isotopic analysis. Isotopic analysis can be used in conjunction
with other methods and be applied across multiple scales to trace plant carbon and water
relations. It has been used to investigate CO2 and water fluxes at the leaf scale, at the forest
stand or site scale as part of an eddy covariance system, and even has utility at the regional
scale (Werner et al., 2012).

Ecosystem WUE (referred to as WUE) is a complex stand scale parameter that has been
studied globally. It is controlled by both the physical and biological processes that occur in soil
and plants (Monson et al., 2010). WUE is commonly measured using eddy covariance systems
(Baldocchi, 2008; Fatichi et al., 2016; Hatfield and Dold, 2019; Kuglitsch et al., 2008). Because
eddy covariance measures both carbon and water fluxes simultaneously, it has emerged as the
most widespread method used to investigate interactions between the carbon and water cycles
(Liu et al., 2017a). The widespread deployment of eddy covariance sites throughout many
different biomes globally has allowed large scale comparison studies between climate gradients
and ecosystem types (Brümmer et al., 2012; Kuglitsch et al., 2008; Ponton et al., 2006; Sun et
al., 2016b; Tang et al., 2014; Yu et al., 2008). Eddy covariance studies of WUE provide
important direct measurements to calibrate scaling-up methods such as remote sensing and
modeling (Law et al., 2002; Sur and Choi, 2014; Xiao et al., 2013; Xiao et al., 2008).
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For sub-daily to seasonal studies that investigate plant responses to climatic factors, the
incorporation of the vapor pressure deficit (VPD) into the WUE equation can provide additional
information about the effects of water limitations (Beer et al., 2009; Huang et al., 2015; Sun et
al., 2016b; Vickers et al., 2012; Zhou et al., 2014).

While experimental research is applied more often to the smaller scales, models represent the
primary method for rolling up our knowledge of small-scale processes into a description of
ecosystem function applicable over large areas. Because of the flexibility to model “what ifs”,
they also represent a key method for testing the response of forest ecosystems to multiple
changing environmental conditions (Hanson et al., 2004). Models that have been used to
investigate WUE at larger scales include the Dynamic Land Ecosystem Model (DLEM),
ORCHIDEE, Biome-BGC, and the Community Land Model (CLM4) (El Masri et al., 2019; Tian
et al., 2010a). There is often an integration of remote sensing data and ecosystem models to
investigate water and carbon processes at the landscape to global scale (Sun et al., 2019). The
use of remote sensing products with repeat measurements that quantify land use change or
forest disturbance (e.g. Landsat) are the basis of many scaling up model techniques (Masek et
al., 2015). Remote sensing instruments provide spatially continuous and often repeated
information on the reflectance properties of landscape and vegetation, which can then be
translated into variables relevant to modeling such as vegetation types, soil moisture, forest
structure (LAI or canopy cover), or forest productivity (NDVI, fPAR, canopy conductance).
These variables can be used as inputs to models that focus on the underlying biogeochemical
processes that regulate carbon and water (Turner et al., 2004). Recently, MODIS-based models
of GPP, NPP and ET have been widely utilized to investigate spatial and temporal changes in
carbon and water from regional to global scales (Sun et al., 2016b; Sur and Choi, 2014; Tang et
al., 2014).
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WUE can be based on GPP, NPP or NEP, depending on the method used to measure or
calculate carbon flux (Skubel et al., 2015; Sur and Choi, 2014; Tang et al., 2014; Tian et al.,
2010a). It is increasingly being included in landscape to global-level modeling studies as an
indicator of ecosystem response to climate change and as a comparison between ecosystems
and climates (Keenan et al., 2013; Sharma and Goyal, 2018). The definition of WUE with GPP
as the numerator is associated with only carbon uptake, whereas those based on NPP or NEP
are additionally associated with the process of carbon release through ecosystem respiration.
These processes of carbon uptake (GPP) versus uptake and release (represented by NPP or
NEP), may differ in their response to forest or climatic change (Niu et al., 2011).

2.3.2

Water Use Efficiency and Forest Disturbance

This section describes the current state of knowledge about how different agents of forest
change affect the relationship between forest carbon and water, focusing on the stand to
landscape-level studies using WUE. Understanding the effects of disturbance and recovery on
GPP, NPP, and ET are essential for accurate predictions of carbon storage and water yield in
forest ecosystems (Clark et al., 2014). If WUE increases, it can be due to either an increase in
NPP, a reduction in ET, or both occurring simultaneously at varying degrees (Keenan et al.,
2013). An increase or decrease in WUE indicates an asynchronous response of the carbon and
water cycles to a given disturbance, and can be termed as decoupling of the relationship (Yu et
al., 2008).

After harvesting, both GPP and ET are reduced significantly, with GPP near to zero immediately
after disturbance as there is commonly little actively photosynthesizing vegetation left on the
site. Although ET is also reduced, it is not reduced as much, partly because of the increased
importance of evaporation from litter and soil in disturbed stands. This asynchronous response
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leads to lower WUE in young stands after harvesting at the stand level (Clark et al., 2014;
Mkhabela et al., 2009).

The drop in NEP is proportionally larger than that of GPP because removal of the forest canopy
increases sun exposure and warms the soil, leading to a higher rate of Rh (Vickers et al., 2012).
The longer term higher rates of Rh may drive a slower post-harvest recovery of NEP compared
to GPP. So, the reduction in NEP-based WUE can be larger than the corresponding GPP-based
WUE and is likely to persist for longer post disturbance.

The response of WUE after wildfire depends on the severity of the fire, and the amount of
mortality and regenerating vegetation left at the site. In general, the response is similar to
harvesting with WUE usually reduced at young sites following fire (Dore et al., 2012; Mkhabela
et al., 2009). At the lower end of the wildfire severity spectrum, Clark et al. (2014) found little
change in WUE after low intensity prescribed burning.

The response of WUE to insect attack is dependent on the type of disturbance; for example an
insect attack that reduces tree GPP temporarily such as defoliation, has a very different effect
on WUE than one that causes mortality such as MPB. The intensity of the insect attack, site
conditions, site vegetation (species and canopy structure), and time since disturbance
determines the response of WUE to insect disturbance (Clark et al., 2014; Reed et al., 2014).

Few studies have estimated changes in WUE following non-stand replacing disturbances such
as insect defoliation or partial stand mortality, limiting our understanding of WUE dynamics
during and after these events (Clark et al., 2014). Insect attacks that reduce growth but do not
cause widespread mortality have the effect of moving carbon and nutrients into DOM pools but
may not significantly reduce overall stand biomass. The reduction in LAI from insect attack
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immediately reduces GPP and ET post disturbance. Both variables likely remain below predisturbance levels for some period of time during recovery (Clark et al., 2014). Following severe
insect disturbance, GPP, ET and WUE dynamics are likely similar to harvesting, with an
expected reduction in WUE, that may require a number of years to recover to pre-disturbance
values. However, in contrast to harvesting, there generally is not the same increase in soil
exposure and impact to understory or non-target vegetation, leaving more residual vegetation
on the site. This results in differences in both carbon and water dynamics after insect
disturbance compared to harvesting. Indeed, studies of WUE after various types of insect
disturbance often find either a temporary reduction in WUE (Clark et al., 2014; Meyer et al.,
2017), or no reduction at all (Brown et al., 2012; Reed et al., 2014). Similarly, studies monitoring
WUE after thinning or partial harvesting usually find little to no effect on WUE (Skubel et al.,
2015; Wang et al., 2020) or even an improvement in WUE in some areas (Fernandes et al.,
2016; Navarro-Cerrillo et al., 2016; Wang et al., 2020).

Clark et al. (2014) used eddy covariance in three oak forests in New Jersey, USA, prior to and
after complete stand defoliation by gypsy moth to study changes in WUE. During the summer of
defoliation, they found daily summer GPP was reduced to 35% of pre-disturbance values and
WUE (a GPP-based WUE definition) was reduced in the range of 46 – 60% from predisturbance values. Two years following defoliation this had recovered to 80% (Clark et al.,
2014). In comparison, Reed et al. (2014) studied carbon and water fluxes during an MPB
infestation in Lodgepole pine forests where tree basal area mortality increased from 30 – 78%
over three years of MPB disturbance. Contrary to expectation, there was no change in net CO2
exchange and WUE (NEP-based WUE) showed no significant change among successive years.
They reasoned that tree mortality can increase soil water availability, allowing for increased CO2
uptake in surviving trees. This in turn balanced the reduction in photosynthesis from
disturbance, leading to no net change after disturbance (Reed et al., 2014).
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These examples further enforce the emerging view that carbon and water dynamics following
disturbance events such as MPB are not consistent, but are dependent on climate, tree
mortality and remaining vegetation recovery (Goeking and Tarboton, 2020; Reed et al., 2014).
Therefore, it is necessary to account for this diversity in regional-scale studies of WUE.

2.3.3

Forest Carbon and Water Coupling Across Scales

There are only a small number of studies that investigate how disturbance affects the carbon
and water relationship at a variety of scales. In order to predict the response of WUE to climate
change across large scales, efforts have been made to upscale WUE from the leaf to the global
scale. However, this cannot be done in a simple linear manner because the controlling
processes or factors on WUE vary with the scale of analysis (Niu et al., 2011). For example,
physical processes of evaporation are included in the stand-level WUE definition that are not in
WUE(leaf) or iWUE(leaf). Canopy level WUE inherently captures information on the characteristics
and organization of the entire plant community, rather than the sum of individual species. With
these different processes at play, each definition and scale of WUE will likely have a unique
response to forest and climate change (Beer et al., 2009; Fernandes et al., 2016; Niu et al.,
2011; Sun et al., 2016b; Wang et al., 2020).

Transferring knowledge of WUE from studies conducted at short time periods to longer ones
also needs to be done with caution. Over short time intervals, WUE shows a very strong link to
climatic variables, with distinct diurnal and seasonal cycles dependent on factors such as P and
T (Kuglitsch et al., 2008; Xiao et al., 2013). However, at annual and decadal scales, this role is
diminished with differences in vegetation cover and between site characteristics become
increasingly important in comparison (Kuglitsch et al., 2008).
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Large changes in WUE have a range of important implications for ecosystem function, services,
and feedbacks to the climate system. Enhanced carbon sequestration rates combined with
reduced ET may increase streamflow. However, reduced ET could lead to higher ambient T,
with decreased humidity and P recycling. In areas that rely on atmospheric moisture from
transpired water, streamflow may decrease and lead to drought (Ellison et al., 2012; Keenan et
al., 2013). Especially at the landscape level, because forest communities are in continual state
of change (disturbance and growth) we must include temporal variation in these processes to
improve our predictions of interactions between carbon and hydrologic cycles into the future
(Clark et al., 2014). Clearly, studies are necessary at the appropriate temporal and spatial
scales to inform ecosystem and water management.

Climate change is expected to increase T and alter patterns of P while atmospheric CO2
concentrations continue to rise. Retrospective studies have helped to shape our collective
knowledge about how future changes in climate are likely to affect WUE. Process-based
modeling and synthesis of global eddy covariance studies have shown that the CO2 fertilization
effect has likely caused an increase in WUE over the 20th century (El Masri et al., 2019; Keenan
et al., 2013; Tian et al., 2010a). However, other studies have found that T increases driving
longer growing seasons and higher evaporation may oppose this trend, leading to significant
uncertainty in the future (Frank et al., 2015; Girardin et al., 2016; Kirschbaum and McMillan,
2018).

2.3.4

Summary and Research Gaps

WUE is a straightforward metric used to study the relationship between forest carbon and water
in forest ecosystems. While there have been a considerable number of studies in the past on
WUE, the vast majority have been conducted at the stand level using the eddy covariance
method (Brümmer et al., 2012; Irvine et al., 2004; Jassal et al., 2009; Liu et al., 2017b; Yu et al.,
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2008). Models have been used to extend our knowledge of stand-level WUE to the global scale
(El Masri et al., 2019; Huang et al., 2015; Sun et al., 2016b), however the majority have focused
on the effects of climate change or climatic factors (Sun et al., 2016b; Xiao et al., 2013).

It is well established that forest cover and land use can affect WUE (Tian et al., 2010a),
however such studies have focused on comparing between ecosystems rather than cumulative
forest change (Gao et al., 2014; Sun et al., 2016b; Tian et al., 2010a). Consequently, there have
been a lack of studies focusing on the effects of cumulative forest disturbance on WUE at large
spatial scales across a variety of climates.
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Chapter 3: Research Design and Study Area

3.1

Overview of Research Design

This thesis investigates how regional scale forest carbon and water, and their coupling are
affected by cumulative forest disturbance. It utilizes the history of widespread severe mortality
that has occurred across broad climatic gradients in the central interior region of BC, Canada.
The first step was to carry out exploratory work on data availability, geographic extent, and
metric and methods. After the initial scoping, the project was divided into three distinct
components: carbon, water, and their relationship or coupling (Figure 3.1).

First, study area boundaries were chosen based on the location and severity of cumulative
disturbance and watershed boundaries with long term streamflow data (section 3.2). Spatial
data layers describing forest conditions and disturbance events, climate, and topography from
across the region were collated from various sources.

Detailed carbon modeling was then carried out and aggregated to the regional and gridcell (10
km2 by 10 km2) scales for further analysis. Carbon modeling was implemented in the landscape
level Carbon Budget Model of the Canadian Forest Service version 3 (CBM-CFS3). Spatial
databases containing current forest condition (2019 vintage), growth and yield, and
disturbances were used to reconstruct historical forest conditions and their associated carbon
dynamics. Annual time series of forest carbon stocks and dynamics (carbon exchange between
storage pools and atmospheric emissions) were generated. Monte Carlo simulations and
bootstrapping were used to generate estimates of model uncertainty. The Mann-Kendall trend
test was used to detect and describe monotonic trends in regional carbon variables. Carbon
stocks and volumes from independent ground plots were used to validate the carbon modeling.
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Estimates of ET were needed that were not constrained to the watershed scale, or to the
temporal availability of remotely sensed data, and that were responsive to forest disturbance
and recovery processes. Watershed scale input data was used to create a relationship between
forest disturbance, climatic, and topographic variables within the Budyko framework. Cumulative
forest disturbance from a variety of sources was expressed using the integrated parameter of
cumulative equivalent clear-cut area (CECA) that characterizes the relative difference from
mature forest in terms of time since disturbed. The parameter m from Fuh’s equation was varied
to represent the changes in landscape level hydrologic partitioning associated with forest
change (CECA). The watershed scale data was separated into calibration and validation
populations in order to provide an independent assessment of ET estimates from the process.
The validated relationships and variables were then used to calculate an annual time series of
ET at a variety of spatial scales. Multiple climate input datasets and potential evapotranspiration
(PET) equations were tested, compared, and evaluated for effectiveness during the process.
Graphical and statistical methods such as the Mann-Kendall trend test was used to interpret
trends in climate and ET data at the regional scale and by climate group. The effect of forest
disturbance on regional ET under severe cumulative forest disturbance was quantified using
Fuh’s equation and substituting m in the period of high disturbance with the average value of m
from the period of low disturbance. The stepwise differences due to climate change or forest
change between the two periods were thereby able to be partitioned out at the regional scale.

The relationship between carbon and water dynamics at the regional scale was expressed
through the combined metric of WUE. Various complementary statistical techniques and
graphical and tabular summaries were used to characterize the magnitude of change, trends,
and resilience through time. Regional trends in WUE and its components were interpreted using
Mann-Kendall trend tests and Sen’s slope analysis. To focus on the effect of forest disturbance
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on WUE at the regional level, the effect of climatic variation and trends were isolated and
removed in two different ways. Firstly, the paired year approach was utilized, where each year
in a period of high disturbance was paired with a year of similar climate (in terms of P and PET,
the main climatic drivers of ET in the Budyko equation) from a period of low disturbance. The
Wilcox rank-sum test was used to confirm that the climate from the pairs of years was
statistically indistinguishable, and thus any differences were assumed to be from the change in
forest disturbance. The second methodology used to remove climatic influence from the time
series of WUE involved recalculating ET using Fuh’s equation (with variable m to represent
forest change), but under a constant climate, using the average of the period. The WUE time
series resulting from this hypothetical calculation represents the ET and WUE in the absence of
year-to-year weather variability and long term trends in climate change, allowing the focus to be
on the effect of disturbance on the forest carbon and water dynamics.

51

Carbon

Water

Input data

Input data
Forest
disturbance

Forest inventory
and spatial
disturbance
databases

NFI plot
information

Non - spatial
carbon and forest
assumptions

Climate
P, PET, T

Streamflow

Watershed
boundaries

DEM

Data
processing

Data
processing
Yield
curves

Roll back
inventory

Create
analysis
stratum

Integrate
disturbances

Divide into
calibration and
validation
watersheds

Calculate watershed - scale annual timeseries for
forest disturbance (CECA), climate, streamflow

Modeling and validation

Modeling and validation

CBM-CFS3
Results:
regional and
gridcell scale
carbon stocks,
exchange, and
emissions

Calculate
topographic
indices from
DEM

Budyko framework
Results:
watershed
and gridcell
scale Q,
runoff-ratio
and ET

Validation:
compare NFI
data to
modelled
similar stands

Key carbon metric:
NPP

Validation:
calibration
versus
validation Q,
runoff - ratio
and ET

Key water metric: ET

Carbon and water coupling
NPP
WUE =
ET

Results: regional
analysis of carbon
and water
coupling (WUE)

Figure 3.1. Outline of research design
Note: NFI is National Forest Inventory, CBM-CFS3 is the Carbon Budget Model of the Canadian Forest
Service version 3, NPP is net primary production, ET is evapotranspiration, P is precipitation, PET is
potential evapotranspiration, T is temperature, DEM is digital elevation model, Q is mean annual
streamflow, and WUE is water use efficiency.
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3.2

Study Area

The study region is located in the central to southern interior region of BC, Canada (Figure 3.2),
with a total area of just under 400,000 km2 extending from the lee side of the Coastal Mountain
range to the Rocky Mountains in the east bordering Alberta. The mountainous topography is
divided by broad and gently rolling central upland plateaus. Elevation ranges from > 3,000
meters above sea level (m) down to around 400 m in the valley bottoms.

3.2.1

Climate

The climate varies considerably across this diverse topography and extensive latitudinal spread.
The Coastal Mountains screen the region from the moderating effect of the Pacific Ocean with
the climate prominently influenced by northern air masses. Mountainous areas are snow
covered for much of the year and have high annual P in excess of 3,000 mm, with forests giving
way to alpine tundra ecosystems. Average daily temperature (T) at the Prince George A
weather station, located in the central interior of BC from 1980 – 2010 was 4.3 oC, dropping to 7.2 oC in December and rising to 15.8 oC in July, with annual P of 595 mm (Station ID: 1096450,
elevation: 691 m, latitude: 53°53'27.000" N longitude: 122°40'44.000" W). Valley bottoms are
characterized by minimal winter snow accumulation, hot and dry summers, and are covered in
grassland ecosystems. The valley bottom Kamloops A weather station, located in the southern
interior of BC recorded average daily T of 9.3 oC, ranging from 21.5 oC in July to -2.7 in
December during the period 1980 – 2010, with annual P of 277 mm (Station ID: 1163780,
elevation: 345 m, latitude: 50°42'08.000" N longitude: 120°26'31.000" W). The climate varies
significantly with elevation, but across the study region P averages 685 mm. Winter P falls as
snow in all but the lowest valley bottoms, leading to a pronounced freshet with the spring melt in
May or June.
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Figure 3.2. Study region boundaries and recent forest disturbances occurring since the year 2000

3.2.2

Vegetation

The large elevation gradient provides for a large range of ecosystems, from non-treed dry
Bunchgrass (BG) biogeoclimatic (BEC) zones in the valley bottoms up to snow covered alpine
zones characterised by alpine tundra (Meidinger and Pojar, 1991). Forests cover 77% or
306,000 km2 of the total study area. While ecosystems vary widely across the region, land cover
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is dominated by coniferous forests, made up largely of Pinus contorta Douglas ex Loudon
(Lodgepole pine) (31%), Abies lasiocarpa (Hook.) Nutt. (Subalpine fir) (24%), Picea engelmannii
Parry ex Engelm (Spruce) (24%), Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir) (10%),
and components of other species.

3.2.3

Forest Disturbance

Wildfires occur regularly throughout the region, and ecosystems are adapted to frequent standinitiating and stand-maintaining fires. There is a widespread anthropogenic footprint, with
ranching, agriculture and urban areas located more commonly in the valley bottoms. The
provincial land has supported sustained levels of clear-cut logging since the 1960s. The MPB is
endemic throughout the region and a widespread severe infestation drove large scale forest
disturbance in the early 2000s, affecting millions of hectares of Lodgepole pine forest (Kurz et
al., 2008a; Walton, 2013). After decades of modest harvest levels and wildfire suppression
since the 1960s (Haughian et al., 2012), where the province’s forests became progressively
older on average, this was a significant shift in disturbance regime, potentially impacting many
forest ecosystem services. In order to salvage the extensive volume of projected standing dead
timber, the provincial government significantly raised harvest level caps, increasing the rate of
cumulative forest disturbance from harvesting. In recent years, concern has shifted towards
wildfire, with particularly severe record breaking wildfire seasons in 2017 and 2018 burning
millions of hectares within the interior of BC.

3.2.4

Climate Groups

The entire region was divided into three distinct climate zones: wet, moderate, and dry (Table
3.1 and Figure 3.3), with the analysis applied across the entire study region using 10 km by 10
km (100 km2) gridcells. Within a gridcell, the analysis was applied to the forested portion, with
non-forested features such as lakes, grasslands, and alpine, excluded from the CECA, carbon,
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and ET analysis. Of the total area within the study boundaries (396,400 km2), 77% or 306,225
km2 were classified as forested.

The dry climate group is located primarily along the central axis of the study region, in the rain
shadow of the Coastal Mountains. It includes the Nechako, Fraser, and Thompson Plateaus,
along with the low lying valley bottoms of the southern interior and the flat areas in the far north
east of the study area (average elevation of 1011 m (above sea level) and 4% slope). Annual P
is the lowest (514 mm) and mean annual T is the highest (3 0C) of the climate groups in the
study region. This climate group experienced the highest average disturbance and the
Lodgepole pine, spruce, Douglas-fir and Populus tremuloides Michx. (trembling aspen) forests
were the most affected by both the MPB epidemic, and wildfires since the year 2000. Dominant
ecosystem types include the Sub-Boreal Spruce (SBS), Interior Douglas-fir (IDF), Sub-Boreal
Pine-Spruce (SBPS), and Boreal White and Black Spruce (BWBS) BEC zones. The dry climate
group is the largest, accounting for a total area of 185,800 km2, and a forested area of 161,260
km2 or 53% of the forested study region.

The moderate climate group spans the areas between the low lying dry climate group and the
high elevation wet climate group, with an average elevation of 1323 m and slope of 8%. The
topography is varied, including the Omineca mountains in the north, the Hart range in the east
and the Shuswap highlands in the south. It accounts for a total area of 141,200 km2, and a
forested area of 112,044 km2 or 37% of the forested study region. The moderate climate group
is characterized by moderate mean annual T (1.1 0C) and P (838 mm) compared to the other
two climate groups. Mixed forests are common in the moderate climate group which is
dominated by the Engelmann Spruce-Subalpine Fir (ESSF), SBS, and Interior Cedar-Hemlock
(ICH) BEC zones.
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The wet climate group is located along the higher reaches of the coastal mountains in the west
and the Columbia Mountains in the east, with an average elevation of 1590 m. It accounts for a
total area of 69,400 km2, and a forested area of 32,922 km2 or 11% of the forested study region.
The wet climate group is characterized by low mean annual T (0.3 0C) and high P (1490 mm), of
which a large percentage falls as snow with snowpack persisting all winter. The wet climate
group is at higher elevations and steeper than the other climate groups. The wet climate group
is characterized by spruce balsam forests in the ESSF, Coastal Western Hemlock (CWH), and
Spruce-Willow-Birch (SWB) BEC zones, with lower levels of forest disturbance compared to the
other climate groups.

Table 3.1. Summary of selected characteristics by climate group
Climate group
Total area (km2)

Dry
185,800

Moderate
141,200

Wet
69,400

Forested area (km2)

161,260

112,044

32,922

53%

37%

11%

Proportion forested (%)
Average annual T

(oC)

Average annual P (mm)
Average annual PET (mm)
Elevation (m)
Slope (%)
Average CECA (1950 – 2018)
Dominant ecosystem types
Common tree species

3 (1.8)

1 (2.1)

0.3 (2.1)

514 (123)

838 (202)

1490 (448)

689 (68)

588 (81)

534 (77)

1011 (223)

1323 (271)

1590 (307)

4 (3)

8 (3)

12 (3)

10 (15)

6 (10)

3 (7)

SBS, IDF, SBPS, BWBS

ESSF, SBS, ICH
Spruce, Balsam, Pine,
Douglas-fir

ESSF, CWH, SWB

Pine, spruce, Douglasfir, trembling aspen

Balsam, Spruce

Note: T is temperature, P is precipitation, PET is potential evapotranspiration, CECA is cumulative
equivalent clear-cut area, SBS is Sub-boreal Spruce, IDF is Interior Douglas-fir, SBPS is Sub-Boreal
Pine-Spruce, BWBS is Boreal White and Black Spruce, ESSF is Engelmann Spruce-Subalpine Fir
(ESSF), ICH is Interior Cedar-Hemlock, CWH is Coastal Western Hemlock (CWH), SWB is SpruceWillow-Birch, and values in brackets represent one standard deviation from the mean by gridcell.
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Figure 3.3. Study region by climate group
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Chapter 4: Regional Carbon Dynamics

4.1
4.1.1

Introduction
The Importance of Forest Carbon

Forests are an important part of the global carbon cycle, with the potential to offset a large
proportion of anthropogenic emissions (Keenan et al., 2016). It is estimated that global forests
were a total carbon sink of 2.4 peta-grams of carbon per year (Pg C year-1) from 1990 – 2007
(Pan et al., 2011). Forest disturbance driven changes (e.g. wildfire, timber harvesting) and
forestation (e.g. reforestation and afforestation) can greatly affect regional and global carbon
budgets (Kurz et al., 2008a; Metsaranta et al., 2010). Over the last few decades, BC’s interior
region has experienced significant levels of cumulative forest disturbance, notably from
harvesting, wildfires, and a severe MPB epidemic, affecting tens of millions of hectares. This
raises the critical question of whether BC’s forests can continue to provide a wide variety of
ecosystem services such as carbon storage and climate change mitigation (Hoberg et al.,
2016). Understanding the carbon impact of forest change is essential to effective forest
management and climate mitigation strategies (Smyth et al., 2020; Xu et al., 2018).

4.1.2

Cumulative Forest Disturbance and Forest Carbon in the Interior of BC

An unprecedented MPB epidemic affected around 20 million hectares of the BC interior
Lodgepole pine forests to varying degrees in the early 2000s (Astrup et al., 2008; Walton,
2013). During this large scale outbreak, Kurz et al. (2008a) predicted that the scale of such an
outbreak would convert central BC’s forests from a sink to a source that would release 270 Mt C
by 2020. They used projections of the extent and severity of the MPB outbreak, wildfire and
harvesting in the CBM-CFS3 to predict the region’s carbon balance for the next decade. Based
on this projection, the region was expected to begin recovery from this severe disturbance
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around 2010. However, this prominent study was completed before the final scope and scale of
the MPB epidemic was known.

In addition to MPB, ongoing and consistent levels of harvesting have been a key feature of BC’s
interior economy, supplying many mills and other operations in the area. Province wide,
approximately one half of a percent (0.5%) of the province’s forested volume is harvested
annually (Gilani and Innes, 2020). However, in the interior, the rate has been higher in the
2000s, as harvest levels were elevated in response to the MPB epidemic. Furthermore, there
have been two very severe wildfire years in the region (2017 and 2018) that could not be
predicted by the Kurz et al. study. In 2017 and 2018 under particularly warm and dry summer
conditions, approximately 1.2 million and 1.3 million hectares burned across the province.
These years both had record levels of wildfire activity, compared to an average of 0.37 million
hectares per year from 2009 – 2019 province wide (MFLNRORD, 2021). Thus, there is a
research gap to understand if cumulative disturbance (MPB, wildfire, harvesting) has driven the
region’s forests to be a continuing carbon source or if they are recovering as predicted in Kurz
et al. (2008).

4.1.3

Scientific Questions

The key scientific questions on forest carbon include, how has cumulative forest disturbance
affected the forest carbon balance during the 2000s in the central interior of BC, Canada, and
what were the relative roles of MPB, harvesting and wildfire. It was hypothesized that due to
cumulative forest disturbance, the regional forests have remained a carbon source; and the
large scale wildfires in 2017/2018 further sustained the regional carbon source by offsetting the
carbon recovery post MPB infestation. The impact of historical cumulative forest disturbance on
the carbon balance of the region’s forests is a critical question for both science and forest
management.
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4.2

Methods

4.2.1
4.2.1.1

Data
Forest Inventory

Forest information was sourced primarily from two spatial layers maintained by the provincial
government, the Ministry of Forests, Lands, Natural Resource Operations, and Rural
Development (MFLNRORD). The first layer, the Vegetation Resources Inventory (VRI) is a
province-wide spatial dataset describing the current condition of the forested resource across
BC. The VRI includes information on age, species composition, volume, height, and stocking of
forest stands as well as the type, year and severity of the most recent logging and non-logging
disturbance (MFLNRORD, 2019a). Additionally, the consolidated cutblocks layer was used to
capture any recent logging that may have not been incorporated into the 2019 VRI
(MFLNRORD, 2020). The 2019 versions of the VRI and consolidated cutblocks layers were
used, which contain forest inventory information updated to January 1st, 2019, and disturbance
information to December 31st, 2018.

From 2015 onwards, MPB mortality has been incorporated directly into the VRI attributes. Any
stand that was identified as > 10% pine, > 30 years old, with mortality identified in the provincial
MPB model (Walton, 2013), and the 2010 aerial overview surveys, were targeted for the MPB
mortality update (MFLNRORD, 2016a). Here, the assumed dead proportion of stems, basal
area, volume, and crown closure were moved to the dead (‘D’) layer, the species composition
was updated, and the non-logging date and type adjusted for MPB.

For wildfires from 2016 to 2018, a separate process to account for fires > 100 ha in the VRI was
carried out by the MFLNRORD. Areas affected were mapped to one of four severity classes
based on the differenced normalized burn ratio (dNBR) from Landsat imagery and ground or air
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sampling to confirm mortality by severity class (MFLNRORD, 2018c; MFLNRORD, 2019b).
Similar to the process to account for MPB mortality, basal area, crown closure, stems, and
volume were updated based on severity class. In contrast to MPB mortality, dead volume was
assumed to be burned (and not moved to the dead layer), and species composition was
unchanged.

4.2.1.2

Forest Area Disturbed

Harvesting has occurred at a relatively constant rate, averaging 1,232 km2 year-1 from 1980 to
2018 (Figure 4.1). Clear-cut harvesting is the dominant type of forest harvesting in the central
interior. From 2003 to 2016, MPB is recorded to have affected a total of 62,349 km2 and killed
31,015 km2 of mature Lodgepole pine when partial stand mortality is accounted for. 2003 was
shown as an especially high peak in the 2019 VRI. Although many of the stands were likely
killed in 2003, it probably was not such a severe peak but recorded as such due to the
difficulties of accurately dating red attack using aerial surveys. Because the VRI records only
the most recent non-logging disturbance, there is an area of overlap between more recent
wildfires that were also affected by MPB in the early 2000s, but the record no longer exists in
the VRI. This may have led to an underestimation of the area affected by MPB in the input
databases and therefore this analysis. However, for the purposes of carbon dynamics, the
overall impact of this was judged to be likely minor as the few years of emissions from decay
after MPB mortality are secondary compared to severe emissions from the subsequent wildfire
disturbance. 2017 and 2018 were extreme wildfire seasons in the interior of BC. Prior to 2000,
wildfires affected an average of 2,305 km2 year-1. From 2000 to 2016 an average of 5,217 km2
year-1 burned. In 2017 over 9,693 km2 burned and in 2018 5,223 km2 burned in the study area.
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Figure 4.1. Annual area disturbed throughout the study region by disturbance type
Note: MPB is mountain pine beetle.

4.2.2
4.2.2.1

Carbon Modeling
CBM-CFS3

CBM-CFS3 was used to simulate annual historical carbon dynamics (Kull et al., 2016; Kurz et
al., 2009). CBM-CFS3 is a stand to landscape level model that is driven by empirical yield
curves, using algorithms to convert yield curve volume to biomass and explicitly simulating
dynamics including litterfall, turnover and decay as annual components of the forest carbon
cycle (Kull et al., 2016; Kurz et al., 2009). It is widely used in Canada to simulate terrestrial
carbon pools and their exchanges with the atmosphere (Bernier et al., 2010; Trofymow et al.,
2008) (Figure 4.2).
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Figure 4.2. The carbon pool structure of the Carbon Budget Model of the Canadian Forest Service
version 3
Note: SW is softwood, HW is hardwood, AG is aboveground, BG is belowground, curved arrows
represent atmospheric carbon transfers, and straight arrows show carbon transfers between pools. This
figure is directly replicated from Figure 1 – 1 of the CBM-CFS3 Users Guide, previously published by
Natural Resources Canada in Kull et al. (2019).

4.2.2.2

Model Inputs

Forest information including age, disturbance history, species composition, and forest
productivity from the VRI (MFLNRORD, 2019a), form the main inputs into the carbon modeling.

4.2.2.2.1

Initial Forest Age

For stands with no disturbance or non-stand replacing MPB disturbance (mortality < 90%), the
forest age in 1950 was calculated as the age in 2019 minus 69 years. The VRI does not record
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the previous stand type for stands with disturbance that resets the stand age (wildfire, MPB with
>= 90% mortality, or harvesting), so stand information in these areas was populated with data
from the VRI, taken from the nearest non-disturbed stand. Estimates of the percentage killed
(from 1 – 100%) were explicitly incorporated into the VRI for non-stand replacing disturbances
(MPB, and 2017 and 2018 wildfires) and this percentage was used to calculate the area killed
from the total area affected.

The average forest age in the region has increased from 82 years in 1950 to 112 years in 2018
(Figure 4.3). The Cariboo gold rush, ranching, and resource extraction drove widespread forest
disturbance throughout the interior of the province in the mid 1800s to early 1900s. The younger
age class structure at the start of this study (1950) is a legacy of this historical colonial
development. Since the 1960s, wildfire suppression strategies have limited the number and size
of wildfire losses throughout the study region, causing the interior’s forests to get progressively
older in the second half of the 1900s.
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Figure 4.3. Proportion of the study region by age range in 1950, 2000, and 2018

4.2.2.2.2

Analysis Stratum

The > 3.8 million VRI polygons were aggregated into just under 40,000 analysis strata based on
common forest types (leading species, BEC), productivity (site index, basal area), disturbances
(type and year), and regeneration (planted stocking). Stratum < 100 ha were consolidated into
the most similar stratum based on disturbance type and forest characteristics.

4.2.2.2.3

Growth and Yield

Yield curves were calculated for each stratum using standard provincial growth and yield
models. The Variable Density Yield Projection (VDYP) model uses VRI data to project yield
curves for stands of natural origin (MFLNRORD, 2018b). Forest attributes (species composition,
stand height, age, stocking etc.) from the 2019 VRI were used to create a weighted average
VDYP input file for each stratum of natural origin (Table 4.1). In cases where MPB was recorded
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as the most recent disturbance type, (earliest_nonlogging_dist_type = ‘I’ or ‘IBM’ and
stand_percentage_dead > 5%), the process of moving the affected Lodgepole pine trees into
the ‘dead layer’ VRI attributes that was described in section ‘4.2.1.1 Forest Inventory’ was
reversed. The stems assumed to be affected by MPB mortality were moved back into the live
layer and the corresponding updates to the species composition, basal area, and crown closure
were made. This was done because it is necessary to input the pre-MPB mortality yield curve
into the CBM-CFS3 model, in order to explicitly schedule the forest disturbance and allow it to
move trees and carbon from live to dead pools. Then VDYP was used to generate annual yield
curves for each stratum in annual increments from age 0 – 250 years. Species specific
utilization rates were implemented according to CBM-CFS3 requirements, a minimum 12.5 cm
for pines and hardwoods, or 17.5 cm for all other species (Appendix 2, Kull et al. 2016). Gross
merchantable volume yield curves i.e. “volume inside the bark of the main stem, excluding tops
and stumps, but including defective and decayed wood of trees or stands” (Kull et al., 2016) are
the appropriate CBM-CFS3 input. This corresponds to the ‘prj_vol_cu’ or ‘close utilization
projected volume’ from VDYP. Note that for comparison with ground plot data, the appropriate
VDYP volume used was ‘prj_vol_ws’ or ‘whole stem projected volume’.

Table 4.1. Vegetation resources inventory input attributes for yield curve generation
Forest attribute

Ecosystem type

VRI fields
species_cd_1 through species_cd_6
species_pct_1 through species_pct_6
bec_zone_code

Forest height

proj_height_1

Forest age

proj_age_1

Forest productivity

site_index

Stocking: basal area

basal_area

Stocking: crown closure

Unique VRI polygon identifier

crown_closure
vri_live_stems_per_ha and
vri_dead_stems_per_ha where applicable (MPB)
feature_id

Polygon area

Shape_Area

Species composition

Stocking: stems

Note: VRI is vegetation resources inventory, and MPB is mountain pine beetle.
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The Table Interpolation Program for Stand Yields (TIPSY) program (MFLNRORD, 2018a) was
used to calculate yield curves for stands after harvesting. Clear-cut with subsequent planting is
assumed to be the dominant harvesting and regeneration regime employed in the interior of BC.
Inputs to TIPSY from the VRI (BEC and species) were similarly weighted by stratum as
described above for VDYP. Following stocking standards requirements, it was assumed that
after harvesting, the same leading species was planted as was previously on the site. The
number of trees planted per hectare was averaged from the provincial stocking standards
guidelines (MFLNRORD, 2019c). The managed site index was sourced from the “Provincial Site
Productivity — Site Index by Tree Species” data layer (MFLNRORD, 2017), the appropriate
estimate of site productivity that corresponds to the TIPSY input requirements (MFLNRORD,
2018a).

Then TIPSY was used to generate annual yield curves for each stratum in one-year increments
from age 0 – 250 years. According to CBM-CFS3 requirements, the ‘Vol. Gross 12.5+’ and ‘Vol.
Gross 17.5+’ volumes from TIPSY were used for pines and hardwoods, or all other species,
respectively (Kull et al., 2016). Note that for comparison with ground plot data, the appropriate
TIPSY volume used was ‘Vol. Gross 0.0+’ or ‘total standing whole stem volume (> 0.0 cm DBH),
with no deductions for tops and stumps’ (MFLNRORD, 2018a).

4.2.2.2.4

Other Model Parameters

CBM-CFS3 contains pre-defined common disturbance types that govern the proportion of
carbon transferred to the atmosphere, harvested wood products, or other ecosystem pools
when the disturbance is scheduled. The three main disturbance types in the region (wildfire,
harvesting, and MPB rounded to the nearest 10%) were mapped to CBM-CFS3 pre-defined
disturbance types (Table 4.2). The study region was in the ‘BC’ administrative boundary and
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‘Montane Cordillera’ ecozone. Regeneration delay was set at 0 to avoid errors associated with
scheduling disturbances in following years. The United Nations Framework Convention on
Climate Change (UNFCCC) land classification was set to 0 to represent forest land that remains
forest land. The historical disturbance type was assumed to be wildfire. Leading species from
the forest inventory (‘VRI species code’) were mapped to pre-defined tree species in CBMCFS3 (‘CBM-CFS3 species names’) in Table 4.2.

Table 4.2. Input parameters for the Carbon Budget Model of the Canadian Forest Service version 3
Disturbance types
Wildfire

Mapped CBM-CFS3 disturbance type
Wildfire for British Columbia — Montane Cordillera (NIR2011)

Harvesting

Clear-cut with slash-burn — Montane Cordillera DM

MPB (10 to 90% affected in multiples of
10%), non-stand replacing
MPB (100% affected, stand-replacing
disturbance)
Other parameters
Ecozone

Generic 10% to 90% mortality

Administrative boundary

BC

Regeneration delay

0

UNFCCC land class

0 (managed forest or forest land remaining forest land)

Historical disturbance type

Wildfire

VRI species code
AC

CBM-CFS3 species names
Balsam poplar

ACT

Black cottonwood

AT

Trembling aspen

BL

Balsam fir

C

Cedar

CW

Western redcedar

EP

Birch

FD, FDI
HW

Douglas-fir — Genus type
Western hemlock

PL, PLI

Lodgepole pine

SB

Black spruce

SE

Engelmann spruce

SW

White spruce

S, SX

Spruce

Insect disturbance, stand replacing matrix #10

Montane Cordillera

— Genus type

Note: CBM-CFS3 is Carbon Budget Model of the Canadian Forest Service version 3, MPB is Mountain
Pine Beetle, UNFCCC is the United Nations Framework Convention on Climate Change, VRI is
Vegetation Resources Inventory, and VRI species codes correspond to the CBM-CFS3 species names
listed in the table.
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4.2.3

Carbon Metrics

Estimates of carbon stocks stored in the biomass (above and below ground (AGBIO, BGBIO)),
DOM, and soil carbon pools were calculated. In this modeling environment, the biomass, DOM
and soil carbon pools are summed to TEC, which is all the carbon that is stored in the
ecosystem on the site (Table 4.3, Table 4.4). The annual change in stock was calculated as the
carbon stock in a given year minus the carbon stock in the previous year. Common landscapelevel metrics of annual carbon exchange or flux were calculated including NPP and NBP.
Carbon emissions to the atmosphere from forest disturbance directly and post disturbance from
Rh (soils and decay) were also calculated. Carbon transferred out of the ecosystem to be used
in wood products in the forest sector were tracked separately. Carbon stocks are reported in
total Mega tonnes of carbon (Mt C) or grams of carbon per square meter (g C m-2). Carbon
exchange metrics are reported in total Mega tonnes of carbon per year (Mt C year-1) or in grams
of carbon per square meter per year (g C m-2 year-1).
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Table 4.3. Description of carbon pools, atmospheric exchange, and carbon emission metrics
Type of
variable

Stock

Variable

Description of variable

Biomass

Carbon stored in above and below ground biomass pools.

DOM

Carbon stored in dead organic matter (DOM) pools.

Soil

Carbon stored in the soil.

TEC
NPP

Exchange

NBP

Disturbance losses

Emissions
and
transfers

Total ecosystem carbon (TEC). The sum of all the above carbon pools
(biomass + DOM + soil carbon).
Net primary production (NPP). The net annual amount of carbon gains into
the ecosystem from photosynthesis from both undisturbed forest and
regrowth.
Net Biome Production (NBP). The year-to-year change in carbon stocks
after accounting for the annual carbon accumulated from forest growth
minus heterotrophic respiration (respiration from soils and decay) and
losses from disturbances such as fire, logging and MPB. An appropriate
aggregate measure of system carbon balances over larger areas and long
periods of time.
Loss of carbon from the biomass and DOM pools to the atmosphere that
occurs directly in the year of disturbance (e.g. combustion).

Heterotrophic
respiration

Losses of carbon from the ecosystem to the atmosphere from soils and
decay of organic material, occurring in the years after disturbance.

Emissions

Annual emissions from both disturbance losses and heterotrophic
respiration.

Harvest transfers

The transfers of merchantable biomass to the forest sector, for use in
harvested wood products (e.g. lumber, pulp, and paper).

Note: CBM-CFS3 is the Carbon Budget Model of the Canadian Forest Service version 3, DOM is dead
organic matter, TEC is total ecosystem carbon, MPB is mountain pine beetle, NPP is net primary
production, and NBP is net biome production.
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Table 4.4. Carbon pool definitions for the Carbon Budget Model of the Canadian Forest Service
version 3
Type of
variable

Variable

Biomass

DOM

Stock

Soil
TEC

NPP

Flux
NBP

Disturbance
emissions

CBM-CFS3 pools
Softwood merchantable + hardwood merchantable + softwood sub-merchantable
+ hardwood sub-merchantable + softwood other + hardwood other + softwood
foliage + hardwood foliage + softwood coarse roots + hardwood coarse roots +
softwood fine roots + softwood coarse roots
Aboveground very fast soil + aboveground fast soil + aboveground slow soil +
belowground fast soil + medium soil + softwood stem snags + softwood branch
snags + hardwood stem snags + hardwood branch snags
Belowground very fast soil+ belowground slow soil + black carbon + peat
Biomass + DOM + soil
Aboveground biomass increment + merchantable litter input + sub-merchantable
litter input + foliage litter input + other litter input + belowground biomass
increment + coarse litter input + fine litter input
Calculated where disturbance in that year is zero.
Aboveground biomass increment + merchantable litter input + sub-merchantable
litter input + foliage litter input + other litter input + belowground biomass
increment + coarse litter input + fine litter input - softwood production - hardwood
production - biomass CO2 emissions - biomass CH4 emissions - biomass CO
emissions - DOM CO2 emissions - DOM CH4 emissions - DOM CO emissions DOM production
Biomass CO2 emissions + biomass CH4 emissions + biomass CO emissions +
DOM CO2 emissions + DOM CH4 emissions + DOM CO emissions
Only calculated in the year of disturbance.

Emissions

Heterotrophic
losses

DOM CO2 emissions + DOM CH4 emissions + DOM CO emissions
Only calculated not in the year of disturbance.

Harvest
transfers

Softwood production + hardwood production + DOM production

Note: CBM-CFS3 is the Carbon Budget Model of the Canadian Forest Service version 3, DOM is dead
organic matter, TEC is total ecosystem carbon, NPP is net primary production, NBP is net biome
production, CO2 is carbon dioxide, CH4 is methane, and CO is carbon monoxide.

4.2.4

Statistical Analysis

The non-parametric Mann-Kendall test (Mann, 1945), implemented on pre-whitened data,
following the process recommended in Yue et al. (2002) was used to detect the direction,
magnitude, and significance of trends in carbon variables. Trend analysis was applied
separately to reference and disturbance periods (1950 – 1999 and 2000 – 2018) to enable the
detection of opposite monotonic trends in each period.
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4.2.5

Model Validation

CBM-CFS3 is a data driven model, with one key input being gross merchantable yield curves.
CBM-CFS3 then applies allometric equations to estimate biomass and turnover parameters to
estimate DOM and soil carbon (Kurz et al., 2009). To validate the CBM-CFS3 estimation of
carbon variables, independent measurements of volume and carbon stocks were used from the
National Forest Inventory (NFI) database (NFI, 2008; NFI, 2009). The NFI locations are data
sensitive and approximate coordinates are provided (~10km), so the measurements from these
points were compared to the modelled average of similar forest stands. Similar stands were
defined as those in a similar geographic location (within 10 km of the approximate point
coordinates), with the same leading species, site index ± 1 m, and basal area ± 5 m2 ha-1. This
resulted in 61 NFI points with volume and carbon measurements to use for validation within the
study region (Figure 4.4). Mean modelled gross volume and carbon stocks were projected to the
same age as recorded in the NFI plot and compared to the measured values (definitions in
Table 4.5). Common statistical measures were used to assess the degree of association
between the measured and modelled values. Following Shaw et al. (2014), the mean difference
(MD) was calculated as NFI plot value minus CBM-CFS3 modelled value, where a negative MD
indicated that the CBM-CFS3 modeling overestimated a value compared to the measured
value. Percent bias was calculated as MD divided by NFI plot value and the p-value to assess
bias significance was calculated using a two-sided students t-test with a significance of 0.001.
The Pearsons correlation coefficient and associated p-value at 0.001 were used to evaluate the
model for the degree of association as in Shaw et al. (2014). In addition, the linear regressions
between measured versus modelled values were graphed, and the R2 and root mean square
error (RMSE) were presented.
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Table 4.5. Measured to modelled volume and carbon comparison definitions
Metric
Field names
plotvol_standlive
+ plotvol_falllive
+
plotvol_smtr_live
Volume

Above
ground
biomass

plotbio_lgtr_live +
plotbio_smtr_live

NFI
Field description
plot level, total
large tree volume,
standing live +
fallen live +
small tree volume
live

plot level, total
large tree +
small tree above
ground biomass

Unit
m3 ha-1

Mg ha-1
of
biomass
(multiply
by 0.5 to
get t C
ha-1)

TIPSY / VDYP / CBM-CFS3
Field names
Field description
TIPSY:
Total standing whole
Vol. Gross
stem volume (> 0.0 cm
0.0+
DBH), with no
deductions for tops and
stumps. Used for
stands <= 40 years old
from managed origin.
VDYP:
Projected whole stem
PRJ_VOL_WS volume (with tops and
stumps) at utilization
>= 4.0 cm DBH
s_merch +
Carbon stored in
h_merch +
softwood and
s_smerch +
hardwood
h_smerch +
merchantable, subs_other +
merchantable, other
h_other +
(branches, tops), and
s_folia +
foliage pools
h_folia

Unit
m3
ha-1

m3
ha-1

tC
ha-1

Note: NFI is National Forest Inventory, VDYP is the Variable Density Yield Projection model, TIPSY is the
Table Interpolation Program for Stand Yields model, and CBM-CFS3 is the Carbon Budget Model of the
Canadian Forest Service version 3, and DBH is diameter at breast height (measured at 1.3 m above the
ground).
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Figure 4.4. National Forest Inventory (NFI) plot locations within the study region

4.2.6

Uncertainty Analysis

Uncertainty in model outputs arise from a number of sources such as input data, model
parameters, model structure, and human error (Sharma et al., 2013; Uusitalo et al., 2015). In
CBM-CFS3, the main sources of uncertainty from input data include the forest inventory, growth
and yield curves, and accurate estimation of disturbance areas. Model parameter uncertainties
include those that describe the turnover rates of carbon in the soil, DOM and biomass and are
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used in model initialization. Expert judgement, sensitivity analysis, analysis of the variability in
model outputs, the use of multiple models, and statistical approaches are some methods to
quantify uncertainty (Dugan et al., 2021; Trofymow et al., 2008; Uusitalo et al., 2015). Among
them, Monte Carlo simulation is widely used to quantify uncertainty in complex models (Kallio,
2010).

Monte Carlo simulations were used in this study to incorporate a statistical estimate of
uncertainty in the key forest carbon metrics. Of the sources of error listed above, those from
input data and model parameters were focused on, following the procedure documented by
Metsaranta et al. (2017) who developed and applied a methodology to estimate the uncertainty
of Canada wide CBM-CFS3 model outputs.

First, the main sources of potential uncertainty in the input data and model parameters were
identified (Table 4.6). This was based on the procedure developed in Metsaranta et al. (2017),
with some additions to reflect the specific modeling process of this study. Then estimates of
uncertainty through probability distributions were applied to each source of uncertainty, from
available data, literature, or expert consultation (Table 4.7). Using the assumed probability
distributions of each input or parameter, random values for each identified source of uncertainty
were generated. 100 combinations of these random values were used to alter the input data and
parameters and run 100 Monte Carlo CBM-CFS3 simulations. To satisfy size and processing
time limitations, the simulation database was compressed from the ~40,000 input strata to 660
combinations of leading species, age, and disturbance type. Main input variables (area, species
and age profile, disturbance area and timing, and volume), and output variables (carbon pools,
stocks, and emissions) were conserved during this aggregation step.
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Bootstrapping was then used to generate confidence intervals from the Monte Carlo runs,
whereby the outputs from the 100 Monte Carlo simulations were resampled with replacement
1000 times, and non-parametric confidence intervals were calculated using the adjusted
bootstrap percentile interval method. Bootstrapping and confidence interval calculations were
carried out using the ‘boot’ package in r (Canty and Ripley, 2021).

95% confidence intervals were calculated for all main output variables including stocks
(biomass, DOM, soil carbon and TEC), carbon fluxes (NPP and NBP), and carbon emissions
and transfers. The confidence interval widths are included in the applicable figures and tables of
this section.
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Table 4.6. Main sources of potential uncertainty in the carbon modeling, following Metsaranta et
al. (2017)
Category

Input data

Source of
uncertainty
Forest inventory

Description

Growth and yield
curves

Yield curves generated by provincial growth and yield models (VDYP, TIPSY)
are based on plot level sample data, however there is uncertainty introduced
when applying these across the landscape.

Allometric
equations

Allometric equations are used to convert estimates of merchantable volume
to biomass that is held in structures such as stems, branches, leaves and
roots. These equations are based on plot data but are a simplification cannot
capture all factors influencing this relationship, therefore there is error
introduced in the application of allometric equations.

Area disturbed

Spatial data describing the location, timing and type of forest disturbance are
key inputs to the forest carbon balance. The VRI and cutblock datasets used
consolidate information from a variety of sources including satellite imagery,
forest companies, and modeling. There are various sources of delineation
and classification errors associated with this input.
The CBM-CFS3 uses parameters to describe the annual transfer of carbon
between different carbon pools. Metsaranta et al. (2017) listed parameter
ranges of 32 CBM-CFS3 parameters that describe turnover rates of soil,
DOM, and biomass within the model. These were varied according to their
methodology to estimate the error associated with using the default
parameters.

Parameters
describing turnover
rates of soil, DOM,
and biomass

Model
parameters

Treatment of
harvest residue

Initial soil carbon
pool
Model
initialization

Initial forest age in
disturbed stands

A key input to forest carbon modeling is the forest inventory attributes
describing the species composition, age, and height of the forest. Often done
through interpretation of aerial photography, which introduces the possibility
of polygon delineation and classification errors.

The treatment of harvest residues is highly variable and site specific. In the
CBM-CFS3 framework, harvesting must be mapped to one of a few
disturbance types. For the interior region, it is assumed that the most
common harvest type is harvesting with slash burn (as in Smyth et al.
(2020)), however in some cases residues may be left to decay on site as well
(Xu et al. 2018), introducing a source of uncertainty into the timing of
emissions from harvesting. This source of uncertainty is additional to those
outlined in Metsaranta et al. (2017).
CBM-CFS3 uses an initialization process in order to reach a stable soil
carbon pool at the start of the model run. This process is sensitive to the
historical disturbance type and return interval chosen which is highly variable
and uncertain on the ground.
This study employs a process to roll back the inventory to 1950, and
necessarily estimates the initial age of previously disturbed stands in relation
to the mature age of undisturbed neighboring stands. There is therefore
some uncertainty introduced by this assumption. This source of uncertainty is
additional to those outlined in Metsaranta et al. (2017).

Note: CBM-CFS3 is the Carbon Budget Model of the Canadian Forest Service version 3, DOM is dead
organic matter, VRI is Vegetation Resources Inventory, VDYP is the Variable Density Yield Projection
model, and TIPSY is the Table Interpolation Program for Stand Yields growth and yield model.
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Table 4.7. Parameter ranges and distributions used to simulate uncertainty
Source of uncertainty
Forest inventory,
growth and yield, and
allometric equations

Representation (range and distribution)
Estimates of the combined uncertainty by applying a
multiplier of ±50% to modelled net biomass increment,
using a triangular probability distribution

Source
Metsaranta et al. (2017)

Area disturbed

Wildfire: ±10%
MPB: ±25%
Harvest: ±5%
Triangular probability distribution

Metsaranta et al. (2017)

32 CBM-CFS3
parameters describing
turnover rates of soil,
DOM, and biomass

Default minimum and maximum values for each parameter,
often ranging from ±50%, implemented using a triangular
probability distribution

Extensive literature
review documented in
Table S2 of Metsaranta
et al. (2017)

Treatment of harvest
residue

Split between harvest with slash burn and harvest with
decay, implemented as a binomial with probabilities of 75%
and 25% respectively.

Smyth et al. (2020)
Xu et al. (2018)

Initial soil carbon pool

The average fire return interval for the Montane Cordillera is
150 years. Variations in years are modelled through a
Gamma probability distribution

Table S4 of Metsaranta
et al. (2017)

Initial forest age in
disturbed stands

Based on long term average fire return interval (mean event
interval in the NDT3 ranges from 100 – 150 years) (BC
Ministry of Forests, 1995), uncertainty is estimated as initial
forest age ± 50 years, implemented using a triangular
probability distribution.

Trofymow et al. (2008)
BC Ministry of Forests
(1995)

Note: CBM-CFS3 is the Carbon Budget Model of the Canadian Forest Service version 3, DOM is dead
organic matter, MPB is Mountain Pine Beetle, and NDT3 is Natural Disturbance Type 3, which are
ecosystems characterized by frequent stand-initiating disturbance.

4.3
4.3.1

Results
Carbon Modeling Validation

Modelled total volume and AGBIO were significantly related (p<0.001) to the NFI plot measured
values (Figure 4.5). The R2 and Pearson correlation coefficient were 0.69 and 0.83 for total
volume respectively with a RMSE of 79 m3 ha-1. The R2 and Pearson correlation coefficient were
0.64 and 0.81 for AGBIO respectively with a RMSE of 22 t C ha-1. Average modelled total
volume was 203 (18) m3 ha-1 and measured total volume was 220 (18) m3 ha-1 (standard error in
brackets). Average modelled and measured AGBIO values were 66 (5) and 62 (4) t C ha-1,
respectively. Modelled total volume and AGBIO were unbiased (MDs of 17.4 m3 ha-1 and -4.5 t
C ha-1, respectively, and p-values > 0.001) and were significantly correlated with the NFI plot
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measurements (R2 = 0.84, 0.81, p values < 0.001, Table 4.8). Based on these metrics, CBMCFS3 modeling performed well for predicting carbon stocks in the study area.

Figure 4.5. Comparison of modelled and measured a) plot volume, and b) above ground biomass
Note: NFI is National Forest Inventory, plot volume is total volume greater than 4.0 cm utilization in cubic
meters per hectare (m3 ha-1), and AGBIO is above ground biomass in tonnes of carbon per hectare (t C
ha-1). Note that 1 t C ha-1 = 1 Mg C ha-1.

Table 4.8. Statistics comparing measured and modelled values
NFI plot

CBM-CFS3

MD (NFI minus CBM)

n

Mean

SE

Mean

SE

Mean

SE

Total volume

61

219.9

18.0

202.5

18.1

17.4

10.6

AGBIO

61

61.9

4.3

66.4

4.7

-4.5

2.8

% Bias

Correlation

p-value

R2

p-value

8%

0.106

0.83

<0.001

-7%

0.118

0.81

<0.001

Mean

Note: AGBIO is above ground biomass (in t C ha-1), NFI is National Forest Inventory, CBM-CFS3 is the
Carbon Budget Model of the Canadian Forest Service version 3, SE is standard error, MD is mean
difference calculated as measured minus modelled value, and total volume is in m3 ha-1.

Although AGBIO estimates vary considerably with forest age which can hamper comparison,
the values modelled in this study lined up well with previously reported values in the literature
(Table 4.12). Dymond et al. (2016) and Hof and Dymond (2017) reported AGBIO values
between 11.6 Mg C ha-1 and 97.7 Mg C ha-1 from a landscape-level study in north western BC.
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The Canada wide comparison between NFI and CBM-CFS3 by Shaw et al. (2014) that this
validation methodology drew heavily upon, reported average AGBIO values (from sampling) of
70.0, 32.8, and 67.6 Mg C ha-1 for Lodgepole pine, Balsam fir, and spruce respectively.

4.3.2

Dynamics of Regional Forest Carbon Stocks

Total carbon stored (TEC) in the region’s forests in 2018 was estimated at 6,354 (504) Mt C, or
an average of 20,712 (1,642) g C m-2, where values in brackets are uncertainty estimates
characterized by the width of the 95% confidence intervals. This was split relatively evenly
between biomass, DOM, and soil carbon pools with 32, 34, and 34% in each, respectively
(Table 4.9). While TEC increased relative to the 5,842 (572) Mt C estimated in 1950, TEC in
2018 was reduced by 2% compared to 6,469 (591) Mt C stored in 2000. The flattening of the
TEC curve was driven by cumulative forest disturbance which decreased the biomass carbon
pool from 2,380 (259) Mt C to 2,048 (231) Mt C over this period, a 14% reduction. DOM and soil
carbon increased by 9 and 2% respectively over the same time period (Figure 4.6). The soil
carbon pool remained relatively consistent with a slow increasing trend. Thus, large scale
cumulative forest disturbance from 2000 – 2018 caused dramatic changes in the biomass and
DOM carbon pools but in opposite directions. This resulted in a small net loss of TEC near the
end of the study period due to the occurrence of wildfire in 2017 and 2018.
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Table 4.9. Average and total ecosystem carbon stock by pool over the reference and disturbance
periods and selected years
Carbon
stock

Average (g C m-2)
Ref.

Dist.

Total (Mt C)

1950

2000

2018

Ref.

Dist.

1950

2000

2018

Biomass

6,956
(709)

7,195
(797)

5,597
(801)

7,758
(845)

6,677
(754)

2,134
(217)

2,207
(245)

1,717
(246)

2,380
(259)

2,048
(231)

DOM

6,412
(598)

6,811
(675)

6,718
(579)

6,414
(631)

7,011
(679)

1,967
(183)

2,090
(207)

2,061
(178)

1,968
(194)

2,151
(208)

Soil

6,795
(883)

6,975
(900)

6,727
(936)

6,913
(920)

7,025
(918)

2,085
(271)

2,140
(276)

2,064
(287)

2,121
(282)

2,155
(281)

TEC

20,163
(2,048)

20,981
(1,933)

19,042
(1,863)

21,085
(1,926)

20,712
(1,642)

6,186
(628)

6,437
(593)

5,842
(572)

6,469
(591)

6,354
(504)

Note: DOM is dead organic matter, TEC is total ecosystem carbon, ‘Ref.’ is the reference period (from
1950 – 1999), ‘Dist.’ is the disturbance period (from 2000 – 2018), and the values in the brackets are the
width of the 95% confidence intervals (97.5th – 2.5th percentile) generated from uncertainty analysis.

Figure 4.6. Average regional carbon stocks by pool (biomass, dead organic matter (DOM) and soil)
from 1950 – 2018, with 95% confidence intervals (CI) from uncertainty analysis
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4.3.3

Cumulative Disturbance Shifts Regional Forests from a Carbon Sink to Source

BC’s interior forests were a carbon sink (NBP and change in TEC stocks) of 12.7 (1.3) Mt C
year-1 (41.3 (4.4) g C m-2 year-1) from 1950 – 1999, but switched to a source averaging -4.5 (1.4)
Mt C year-1 (-14.6 (4.7) g C m-2 year-1) in the 2000 – 2018 period (Table 4.10, Figure 4.7). The
increase in TEC from 1950 – 1999 was driven by an increase in biomass of 43.9 (5.2) g C m-2
year-1. In the period of high disturbance (2000 – 2018), biomass was reduced at a similar
magnitude of 45.1 (9.3) g C m-2 year-1 across the region (Table 4.10). DOM and soil carbon
increases of 24.5 (6.8) and 6.1 (1.3) g C m-2 year-1 respectively during the disturbance period
were driven by MPB mortality moving carbon stored in biomass pools to DOM and soil carbon
pools.

Regional NBP averaged 26.3 (4.5) g C m-2 year-1 from 1990 – 2002 (Figure 4.7 b), dropping to
an average of -15.6 (4.1) g C m-2 year-1 in the period of high MPB disturbance from 2003 to
2016. Note that the lowest NBP value in the period of high MPB disturbance (-42.3 g C m-2 year1

in 2014) was also partially caused by a relatively active wildfire year (Figure 4.1). In the years

2015 and 2016, with the absence of any large wildfires, NBP appeared to be recovering. In
2017 and 2018, NBP averaged -97.9 (8.6) g C m-2 year-1 due to the large scale wildfires.
Clearly, cumulative forest disturbance has caused the region to be a sustained carbon source
since the early 2000s, with wildfires being the main driver of the years with the largest
emissions.
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Table 4.10. Average and total change in stocks and carbon exchange metrics by period
Average (g C m-2 year-1)

Total (Mt C year-1)

Ref.

Ref.

Dist.

Dist.
Change in stocks

Biomass

43.9 (5.2)

-45.1 (9.3)

13.5 (1.6)

-13.8 (2.9)

DOM

-6.3 (4.3)

24.5 (6.8)

-1.9 (1.3)

7.5 (2.1)

Soil

3.7 (1.0)

6.1 (1.3)

1.1 (0.3)

1.9 (0.4)

TEC

41.3 (4.3)

-14.6 (4.7)
Exchange

12.7 (1.3)

-4.5 (1.5)

NPP

353.8 (30.2)

354.4 (32.9)

108.5 (9.3)

108.7 (10.1)

NBP

41.3 (4.4)

-14.6 (4.7)

12.7 (1.3)

-4.5 (1.4)

Note: bold indicates a significant trend at a significance of 0.001 from the Mann-Kendall test, DOM is
dead organic matter, TEC is total ecosystem carbon, NPP is net primary production, NBP is net biome
production, ‘Ref.’ is the reference period (from 1950 – 1999), ‘Dist.’ is the disturbance period (from 2000 –
2018), and the values in the brackets are the width of the 95% confidence intervals (97.5th – 2.5th
percentile) generated from uncertainty analysis.

Figure 4.7. Regional carbon exchange metrics from 1950 – 2018 (a), and net biome production
(NBP) from 1990 – 2018 (b)
Note: CIs are confidence intervals (at 95% from uncertainty analysis), NPP is net primary production,
NBP is net biome production, the dashed horizontal line indicates where exchange is zero (the limit above
which the region is a sink and below which it is a source according to NBP), and dot-dashed lines are
NBP averages from 1990 – 2002, 2003 – 2016, and 2017 – 2018.
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4.3.4

Cumulative Forest Disturbance and Regional Carbon Sequestration Potential

The average carbon sequestration of BC’s interior forests, as measured by NPP, increased
steadily from 325 (29) g C m-2 year-1 in the 1950s to a peak of 373 (31) g C m-2 year-1 from 2000
– 2002. This indicates that overall forest productivity was sustained despite low levels of forest
disturbance, mainly harvesting. However, NPP consistently declined during the disturbance
period, down to 335 (33) g C m-2 year-1 in 2018. In the disturbance period, cumulative levels of
forest disturbance were high enough to reduce the overall carbon sequestration potential by
10%. Mann-Kendall trend tests confirmed the significance of both the monotonic increasing and
decreasing carbon sequestration trends in each of the periods (p<0.001, Table 4.10, Figure
4.7).

4.3.5

Carbon Emissions by Disturbance Type

Regional carbon exchange was further characterised by disturbance type. After harvesting, the
ecosystem carbon that was removed from the site as forest products such as roundwood and
lumber were accounted for as “harvest transfers”. Both direct and subsequent emissions to the
atmosphere from combustion and respiration were accounted for as “emissions to atmosphere”
by disturbance type. From 2000 – 2018, consistent levels of harvesting transferred an average
of 8.1 (0.7) Mt C year-1 or a total of 154 (14) Mt C to forest products. These harvesting activities
also caused emissions of 18.0 (1.4) Mt C year-1 or a total of 342 (27) Mt C from 2000 – 2018
(Table 4.11, Figure 4.8 a). MPB affected stands were responsible for a total of 12.7 (1.3) Mt C
year-1 of emissions from 2000 – 2018, or a total of 242 (25) Mt C. Wildfire emissions from 2000
– 2018 (75% of which are from 2017 and 2018) caused 5.6 (0.5) Mt C year-1 of carbon
emissions, or a total of 106 (10) Mt C.
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Prior to 2000, harvesting was the dominant disturbance type, transferring 3.51 (0.3) Mt C year-1
to harvested wood products and driving direct disturbance and heterotrophic carbon emissions
of 5.63 (0.5) Mt C year-1 (not shown in Table 4.11).
Table 4.11. Total disturbed area, carbon transfers and atmospheric emissions by disturbance type
from 2000 – 2018
Total
carbon
emitted or
transferred
(Mt C)

Average carbon
emitted or
transferred per
year (Mt C year-1)

2.95 (0.03)

154 (14)

8.1 (0.7)

52 (4.6)

-

-

Harvesting

2.95 (0.03)

342 (27)

18.0 (1.4)

116 (8.4)

9.9

11.6 (0.9)

MPB

3.08 (0.19)

242 (25)

12.7 (1.3)

78 (2.5)

11.7

6.7 (0.2)

Wildfire

2.09 (0.04)

106 (10)

5.6 (0.5)

51 (3.4)

3.1

16.6 (1.1)

2017 – 2018 wildfires

1.57 (0.03)

70 (6)

-

44 (2.7)

1.7

26.9 (1.7)

Total area
disturbed
(millions
ha)

Average
carbon per
unit of
disturbance
(t C ha-1)

Av. years
of
emissions
counted*

Average
carbon per
dist. unit and
year (t C ha-1
year-1)

Harvest transfers
Harvesting
Emissions to atmosphere

Note: MPB is Mountain Pine Beetle, the ‘2017 – 2018 wildfires’ row is a subset of all wildfires in the period
2000 – 2018, and the values in the brackets are the width of the 95% confidence intervals (97.5th – 2.5th
percentile) generated from uncertainty analysis. Av. years of emissions counted (*) was used because
emissions from disturbance not only occur in the year of disturbance but cumulate during the years
afterwards. So to compare between emissions from different disturbance types and years (e.g. MPB
disturbance in 2003 versus wildfire in 2017), per hectare emissions were standardized by the number of
years across which they were counted. For example, 1 ha of MPB disturbance that occurred in 2003
would have emissions counted across 16 years (2003 – 2018), whereas 1 ha of wildfire in 2017 has the
emissions counted across 2 years (2017 and 2018).

Wildfires caused annual emissions of over 40 Mt C year-1 in 2017 and 2018, over double the
annual rate of emissions caused by any other disturbance type during the 2000 – 2018 period
(Figure 4.8 a). In these two years, wildfires accounted for 10% of the total emissions from 2000
– 2018 (Figure 4.8 b). Per unit of disturbance, harvesting has the largest footprint, transferring
52 (4.6) t C ha-1 to forest products and emitting an average of 116 (8.4) t C ha-1. However, this
metric in itself is misleading because the average years of emissions, counted over the 2000 –
2018 period, is longer for harvesting and MPB as they have occurred regularly over the entire
period, than for wildfire which mostly occurred in the last two years of the study period. When
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emissions from both Rh and direct disturbance emissions were standardized by the number of
years counted, wildfire was shown to be the most severe, emitting 16.6 (1.1) t C ha-1 year-1.
MPB was the least severe, emitting 6.7 (0.2) t C ha-1 year-1 and harvesting emitted 11.6 (0.9) t C
ha-1 year-1 (Table 4.11 and Figure 4.8 c). This large pulse of direct emissions makes the effects
of wildfire distinct from harvesting and MPB which released carbon at a slower and steadier
rate.

Figure 4.8. Carbon emissions and harvest transfers by disturbance type in the disturbance period
Note: ‘Av. dist. period’ is the average across the disturbance period (2000 – 2018), MPB is mountain pine
beetle, CI is the 95% confidence interval, shown as either grey shading or black error bars, and a) shows
total emissions by year, b) shows average emissions standardized by area disturbed and c) shows
average emissions standardized by area disturbed and number of years that emissions are counted from
a given disturbance.
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4.4
4.4.1

Discussion
Cumulative Forest Disturbance Drives Sustained Carbon Emissions

This retrospective modeling study found that the region was a carbon sink in the 1990s (NBP of
26.3 (4.5) g C m-2 year-1). It then switched to a carbon source in the early 2000s due to the
cumulative impact of forest disturbances, largely harvesting and the MPB epidemic in the earlier
part of the 2000s (an average NBP of -14.6 (4.7) g C m-2 year-1) and wildfires in the last two
years of the study period. This is consistent with previous predictions for the region that largely
focused on the potential impact of MPB on the regional or provincial carbon balance (Arora et
al., 2016; Kurz et al., 2008a; Peng et al., 2014), as well as NBP estimates from other studies in
the interior of BC (Dymond et al., 2016; Hof et al., 2017; Law et al., 2004; Sharma et al., 2013;
Stinson et al., 2010) (Table 4.12). This study estimated that the cumulative carbon emissions
from the MPB epidemic from 2000 – 2018 total 242 (25) Mt C, which lines up closely with the
270 Mt C estimated in Kurz et al. (2008) between 2000 and 2020. MPB caused a drop of 42.6 g
C m-2 year-1, which is in broad agreement with drops of approximately 36 and ~42 g C m-2 year1

reported in Arora et al. (2016) and Kurz et al. (2008) respectively. A common limitation in all

three studies is that understory release and growth after MPB disturbance is not explicitly
accounted for. In areas with significant understory, this could lead to an overestimation of the
effect of MPB on NPP as discussed in section 4.4.5.2. Nevertheless, this study confirms that the
impacts of large-scale cumulative forest disturbance on the regional carbon balance caused the
significant emissions that were expected, affecting the regional carbon balance.

However, in this study the carbon effects of the 2017 and 2018 wildfires were additionally
quantified. The previously mentioned Kurz et al. (2008) and Arora et al. (2016) studies were
completed prior to the severe wildfire seasons of 2017 and 2018 where 1.57 (0.03) million ha in
the study area burned. In just these two years, wildfires emitted an estimated 70 (6) Mt C or
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29% of the estimated 242 (25) Mt C cumulative carbon emissions from the MPB epidemic over
the 2000 – 2018 period. The focus of Kurz et al. (2008) was on isolating and quantifying the
MPB impact rather than the uncertain impacts of future fires, and the area assumed to be burnt
was held constant across various MPB scenarios. They used regional probability density
functions, based on historical fire behavior, to simulate approximately 350 km2 year-1 burned.
Using data recorded in the VRI, the actual area burned was calculated to be closer to 1,100 km2
year-1. Wildfires are an important driver of carbon emissions across Canada (Stinson et al.,
2010), however the annual area affected is highly variable and difficult to predict. With a
changing climate, historic data may not represent future patterns of wildfire well, however future
wildfire area is unlikely to diminish (Amiro et al., 2001; Liu et al., 2014). Predicted increases vary
by region, time frame and method, but recent studies using coupled climate models have
predicted burned areas and fire occurrences increasing by as much 3 fold in parts of Canada
(Balshi et al., 2009; Boulanger et al., 2014; de Groot et al., 2013; Flannigan et al., 2005). The
2017 and 2018 wildfire seasons burned an unusually large area compared to any of the other
years on record in the region. This distinctive variability drove these two years to be large
carbon sources instead of recovering weak sinks, as would have been expected if just MPB and
harvesting had occurred. This is typical of boreal forests, where wildfires are the dominant
disturbance in years with net carbon losses (Bond-Lamberty et al., 2007; Stinson et al., 2010).
In this region the unique cumulation of MPB, sustained harvesting, and variable but severe
wildfire years have produced a significant and prolonged regional carbon source.

Considerable uncertainty exists to estimate the future or full carbon emission footprint of the
2017 and 2018 wildfires, which should be targeted for future research. Wildfire mortality, and the
effects of wildfire on soil and vegetation are highly variable and scale dependent, as is the
amount and rate of forest regeneration. In addition, the effect of wildfire on carbon emissions
are more variable and difficult to predict, have the potential to be more severe in individual
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years, and have high uncertainty associated with their recovery. Thus, the effects of large-scale
wildfires on carbon dynamics are important to consider separately to other types of cumulative
forest disturbance.

4.4.2

Differences in Emissions by Major Disturbance Types

A novel aspect of this study was that it focused on the relative footprints and emissions of the
three main disturbance types in a period with relatively high overall disturbance rates. Over the
2020 – 2018 period, MPB and wildfire natural disturbances caused 348 (34) Mt C emissions
together. In comparison, harvesting transferred 154 (14) Mt C to the forest product sector and
caused an estimated additional 342 (27) Mt C of emissions, a number of similar magnitude to
natural disturbances (both MPB and wildfire together). Directly comparing annual emissions
between disturbance sources is challenging to do meaningfully because they each emit carbon
in very different ways. MPB disturbance initially transfers a proportion of the living biomass to
the DOM pool, where it slowly emits carbon as it decomposes over many years, creating a
gradual build-up of carbon emissions attributed to the dead component of the stand. In the
Montane Cordillera, the DOM pool returns to that similar to an undisturbed stand between 40
and 60 years (Kull et al., 2016). The living portion of the stand after partial MPB mortality is
assumed to continue photosynthesizing and accumulating biomass. In contrast, wildfires emit a
pulse of carbon as combustion occurs during burning of living and dead material. There is an
initial increase in DOM associated with the non-combusted dead material (dead stems, snags
etc.) generated by the wildfire. Immediately after wildfire, the photosynthetic capacity and
biomass are reduced to near zero and over time, the stand is assumed to recover according to
the rate described in the input growth and yield curve. Harvesting also halts photosynthesis and
removes the majority of biomass from the site. However instead of transferring the majority of
combustible carbon to the atmosphere, as with wildfire, harvesting moves a portion of the
carbon stored in biomass off the site to be subsequently stored in harvested wood products.
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Portions of the standing biomass are also moved to various DOM pools to represent harvest
residues or are emitted to the atmosphere to account for the slash and pile burning technique
that is widely applied in the interior of BC to mitigate immediate wildfire risks associated with
post-harvest residues. Increased rates of Rh after harvesting mean that after an initial increase
post-harvest, DOM levels are below the levels expected on a non-disturbed stand for many
decades.

To compare the carbon footprints of the three main disturbance types as they occurred across
the landscape of the study area, the metric of average carbon emitted per area of disturbance
and years counted (t C ha-1 year-1) was created. This is different from just comparing the carbon
emitted in the year of disturbance, which does not fully capture the gradual release of carbon
from Rh seen after all disturbance types, but especially MPB. Another feature of this
comparative metric is that it embeds information on the temporal distribution of forest
disturbance types specific to this study area and period which must be considered during
interpretation. Using this metric, wildfires were found to be the most severe emitter of carbon
(Table 4.11, 16.6 (1.1) t C ha-1 year-1), followed by harvesting and then MPB (11.6 (0.9) and 6.7
(0.2) t C ha-1 year-1 respectively). This finding reflects not only the stand-level carbon dynamics
after disturbance in terms of relative per hectare emissions and transfers, but also the temporal
distribution of each disturbance type across the study period. For example, harvesting has
occurred regularly over the 18 years, resulting in a large total footprint and a long period to
accumulate post disturbance emissions. To some extent the temporal distribution of MPB
disturbance is the same, with a peak occurring in 2003 and most of the area affected by MPB
before 2013, giving the opportunity to count Rh emissions over multiple years in the 2000 –
2018 study window. Because increased rates of Rh are ongoing, the full footprint of emissions
from the MPB epidemic will continue into the future. Arora et al. (2018) reported that MPB
reduced carbon uptake by 328 Mt C over the 1999 – 2020 period, however this increased to 580
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Mt C if the reporting period was extended to 2050. The same trend would be true for our
estimates of MPB carbon emissions if projections were extended more years into the future.
The temporal distribution of wildfire is concentrated largely into the last two years of the study
period, limiting the number of years after disturbance that emissions of Rh are counted in this
specific study area and study period. In the same way as discussed above for MPB, if the
reporting period was extended into the future, the full emissions footprint of the 2017/18 wildfires
would be higher than reported here which only considers up to 2018.

4.4.3

Cumulative Forest Disturbance and Regional Carbon Sequestration

Our results showed that regional NPP increased consistently in the reference period, despite
low levels of cumulative forest disturbance. In this period, this resilience can be attributed mainly
to an accumulation of older stand types, and fast growing young, regenerated forests. The
average forest age increased from 82 years in 1950 to 118 years at the end of the reference
period (Figure 4.3). This is consistent with other studies of age-related progressions of NPP that
have found NPP increases with stand age (Curtis and Gough, 2018; Humphreys et al., 2006; Li
et al., 2019). With increased age, forest stands generally develop higher LAI, more structural
complexity, and increased photosynthetic capacity. Another aspect that contributed to sustained
NPP under low levels of harvest disturbance is the cohort of young, fast growing forest
regenerating after harvesting. In BC, all harvested stands must be restocked after harvesting,
often with control of competing vegetation, seedling spacing, and planting of seedlings selected
to enhance growth rates (Woods and Mahoney, 2016). This is reflected in the use of TIPSY
curves for managed stand yields in this study. The accumulation of these stands types can have
the effect of increasing the overall growth rate (or NPP), compensating for some levels of
disturbance at the landscape level. This finding is similar to other retrospective studies in BC
that found carbon uptake in recovering young forest was able to partially offset disturbance
emissions (Giles-Hansen et al., 2021; Trofymow et al., 2008) and that younger forest had high
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rates of CO2 uptake (Sharma et al., 2013). Retrospective studies in BC using process-based
carbon models have found growth enhancements due to climate and atmospheric changes up
until the early 2000s (Peng et al., 2014; Wu et al., 2014). The growth enhancements were
mainly attributed to climate (~70%) (temperature, precipitation, radiation and water vapor
pressure) with the remainder due to increased CO2 and nitrogen deposition. These factors are
additional to those driven by forest development in the reference period in our study, which may
mean that the actual increase in NPP is higher than what is calculated in this study for the
reference period (see section 4.4.5.1 for a detailed discussion).

Our results showed that forest dynamics were different in the disturbance period, when NPP
dropped by 10%. NPP is an important metric as it represents the ability of forests to remove
carbon from the atmosphere, before accounting for other complicating factors such as Rh and
disturbance losses. At the stand level, disturbance decreases NPP proportional to the reduction
in photosynthetic capacity, often measured in terms of LAI. The reduction in NPP with increased
disturbance is therefore expected and consistent with small scale studies (Brown et al., 2012;
Humphreys et al., 2006; Mathys et al., 2013; Meyer et al., 2018). However, at the regional scale
this response is muted by unaffected portions and regrowth dynamics, leading to a non-linear
relationship between NPP and the area of forest disturbance. In this study area, the break in
NPP trajectory occurs between 2000 and 2003, when the area disturbed increased from an
average of 770 km2 year-1 from 1950 – 1999, to 10,174 ha in 2003. Prior to this substantial
increase in forest disturbance, the region’s sequestration capacity had showed resilience to
lower levels of forest disturbance. With such high levels of disturbance, the direct drop in
photosynthetic capacity from forest mortality outweighed the relatively smaller increase in
carbon sequestration potential from forest aging of the unaffected portion of the landscape. A
lack of data on understory and regrowth after MPB mortality and the continued climate change
driven growth enhancement in the 2000s are two factors that could soften the NPP reduction
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found in the disturbance period. We calculated average NPP values of around 355 (31) g C m-2
year-1, which is within the range of what other modeling studies in the interior of BC have found
(NPP ranging from ~100 – 700 g C m-2 year-1, Table 4.12) (Dymond et al., 2016; Gonsamo et
al., 2013; Hof et al., 2017; Law et al., 2004; Li et al., 2003; Liu et al., 2002; Metsaranta et al.,
2011; Meyer et al., 2018; Sharma et al., 2013; Stinson et al., 2010; Vickers et al., 2012).
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Table 4.12. Estimates of key carbon variables from comparable studies
NPP

Study

NEP
NBP
(g C m-2 year-1)

Modeling
Arora et al. (2016) &
Peng et al. (2014)
38 – 563

Gonsamo et al. (2013)

294 (176)

Hof & Dymond (2017)

118 – 669

Kurz et al. (2008)

391 – 440

Law et al. (2004)

356 – 700

88 – 226

Li et al. (2003)

394

53

Liu et al. (2002)

215

Metsaranta et al.
(2011)
Sharma et al. (2013)

~305
381 – 498

-57 – 80

~10

-75 – 57

352

Eddy covariance or sampling
Bond - Lamberty et
50 – 521
al. (2004)

30 – 92

12 – 98

North western BC

LANDIS II
BEPS

78

Montane Cordillera
ecozone, BC
North western BC
Central interior of BC,
pre- and during MPB

CBM-CFS3

Western Oregon
cascades
Cordilleran forest in
Canada
Montane Cordillera
ecozone, BC
BC

BIOME-BGC

National parks of
eastern BC
Canada wide for pine,
fir, and spruce
Canada wide in the
Montane cordillera

CBM-CFS3

31

Boreal black spruce,
wet and dry, age
chronosequence after
fire
Central BC after MPB

Sampling

Partially harvested
stand in Central BC
Central BC after MPB

EC

Canada wide for pine,
fir, and spruce

Sampling: NFI
plots

Ponderosa pine in
central Oregon

EC

337

1 – 73

250 – 330

1

207, 169,
181
~275

68, 38,
61

-100 (young)
100 – 300 (mid age)
~0 (old)

-108 – -57
277

22

Shaw et al. (2014)

147, 139,
261
132 – 532

-35 – 168

Method

CLASS-CTEM

0.6 – -42
8

Location

BC

-82 – +64

Brown et al. (2010,
2012)
Mathys et al. (2013)

Vickers et al. (2012)

39 – 399

~ -60

Shaw et al. (2014)

Meyer et al. (2018)

AGBIO
(Mg C ha-1)

44 (1990s)
~-20 (MPB)

Dymond et al. (2016)

Stinson et al. (2011)

TEC

70, 33,
68

LANDIS II

CBM-CFS2
BEPS and
remote sensing
CBM-CFS3

CBM-CFS3
CBM-CFS3

EC

EC and 3-PG

Note: EC is eddy covariance, NFI is National Forest Inventory, MPB is mountain pine beetle, AGBIO is
above ground biomass, TEC is total ecosystem carbon, NPP is net primary production, NEP is net
ecosystem production, NBP is net biome production, and 3-PG, BEPS, BIOME-BGC, CBM-CFS3, CBMCFS2, CLASS-CTEM, and LANDIS II are carbon models.

4.4.4

Management Implications

Studies have shown that forest disturbance can affect and drive changes in ecosystem services
such as carbon sequestration (Roces-Díaz et al., 2021). BC’s provincial forests are managed for
a variety of ecosystem services, among which a sustainable supply of timber is long established
and climate change mitigation is emerging (Hoberg et al., 2016). The Provincial Forest Carbon
Strategy (2016 – 2020) aims to ‘enhance the net carbon sink capacity of B.C.’s public forests’
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(MFLNRORD, 2016b). With climate change, forest fires are predicted to become more frequent,
and the chance of more catastrophic fire years may be increased (Boulanger et al., 2014;
Flannigan et al., 2009b; Wotton et al., 2017). Of the disturbances that were analyzed, wildfires
have the largest ability to quickly and severely affect the regional carbon balance and cause a
pulse of emissions. This may change the regional forests from a potential climate change
mitigation sink to a source that directly contributes to climate change.

Despite the significant carbon emissions in the 2000s, our calculations show that the BC interior
regional forests stored 6,354 (504) Mt C as TEC in 2018. This is a sizeable amount of carbon
stored away from the atmosphere and climate mitigation should focus on maintenance of this
reservoir. Timber production and forest carbon are often presented as a trade-off relationship,
with harvest driving lower carbon stocks or vice versa (Cademus et al., 2014; Seely et al.,
2002). At the stand level, this is most certainly the case however, at the landscape level in areas
where natural disturbance regimes are important, there is a need to consider the risk of burning
in this calculation (Hurteau et al., 2008). Indeed, harvesting can be considered a tool to be used
to reduce the risk of carbon emissions associated with natural disturbances such as wildfire and
MPB (Hurteau et al., 2019). After harvesting in BC, stands are replanted, and species selection
to minimize future wildfire risk (e.g. deciduous species) and risk of MPB (e.g. diverse species
planting at the stand and landscape level) can contribute to a reduction of overall risk. However,
harvesting strategies need to also consider other ecological implications such as the value of
the residual understory, non-treed vegetation, and undisturbed soils. Studies have found that
these stands can sustain carbon sequestration as the understory may compensate for overstory
mortality in the short term after disturbance (Dhar and Hawkins, 2011), and salvage harvesting
should be focused away from these types of ecosystems. Other interventions such as
prescribed burning and commercial thinning should also be considered part of the forest
management toolbox to reduce the risk of carbon emissions from natural disturbances (Hurteau
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et al., 2008; Restaino and Peterson, 2013). At the landscape level, forest management needs to
minimize the risk of carbon emitting natural disturbances such as MPB and wildfire, while
allowing for economic activities, and maximizing the carbon storage and sequestration potential.

4.4.5

4.4.5.1

Limitations and Future Direction

The Effects of Climate Change on Forest Growth

The CBM-CFS3 model is classified as an inventory-based carbon model and does not consider
the potential effects of long term climate and atmospheric changes (notably T, P, CO2
concentration, and nitrogen deposition) on forest growth or carbon cycling dynamics (e.g.
respiration). While the CBM-CFS3 has been widely used for long term historical studies of
carbon dynamics (Kurz et al., 2008a; Sharma et al., 2013; Stinson et al., 2010; Trofymow et al.,
2008), this limitation needs to be clearly recognized and considered in the interpretation of
results.

Globally, Nemani et al. (2003) estimated that NPP increased 6% during the 1980s and 1990s
due to changes in climate. Various studies using process-based growth models and permanent
sample plot data, have found a growth enhancement over the last century in BC, primarily
related to the warming climate (Peng et al., 2014; Wu et al., 2014). NFI plot data analysis
revealed accelerated growth rates of up to +0.98%⋅in the Montane Cordillera and Pacific
Maritime ecozones, however little growth enhancement in boreal regions were recorded
(Girardin et al., 2016). Wu et al. (2014) estimated an annual increase in growth in BC boreal
forests of between 0 and 0.5 Mg C ha-1 year-1 (0 – 50 g C m-2) due to climate (70%), CO2 and
nitrogen fertilization from 1956 – 2001 using the InTEC model to parse out climate
enhancements from age-related effects. Similar results were obtained from a study using
CTEM, which estimated an BC-wide average enhanced uptake of around 44 g C m−2 year−1
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during the 1980s and 1990s, predominantly (75%) due to the changing climate (Peng et al.,
2014). However, another study that extended this CTEM modeling through to 2050 found a
marked decrease in net atmosphere-land CO2 flux roughly between 2000 and 2006 due to
climate variability (Arora et al., 2016). So although the long term effect of climate change in the
study area is generally agreed to be a positive growth enhancement, there is considerable
annual, periodic, and site variation. Whether this growth enhancement continues into the future
under continued climate change is a topic of both continued debate and high importance for the
accurate prediction of both the carbon and water cycles (Chen and Luo, 2015).

Given the evidence from these studies, it is likely that climate change has enhanced forest
carbon sinks (increased NPP) in addition to what was modelled in CBM-CFS3 in this study, at
least in the 1980s and 1990s. During this period, we predicted an increase in NPP primarily due
to forest disturbance and aging dynamics. Therefore if there was an additional growth
enhancement from climate change, the increase in NPP may be higher than was modelled in
this study. In the disturbance period (the 2000s), the effect of climate variability is less certain,
with at least one study showing a temporary periodic decrease in growth (Arora et al., 2016).
Furthermore, interactions between forest disturbance, forest age, productivity, and the various
climate change factors are not fully understood (Chen et al., 2016; Williams et al., 2016), leaving
considerable uncertainty as to how change in climate affected carbon cycling processes in the
disturbance period. In addition, other studies have suggested that climatic effects may be
secondary to those of forest disturbance and aging dynamics (e.g. Thornton et al. (2002) who
used the process-based model Biome-BGC across the USA state of Oregon).

Our study focused on the effects of forest change and drew its main conclusions from around
the disturbance period, from 1990 onwards. Given this and the above points, we believe that
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while the growth enhancement effect of climate change may affect the absolute values of NPP,
our conclusions with respect to forest change are robust.

4.4.5.2

Understory and Regeneration After Mountain Pine Beetle Infestation

Estimates of model uncertainty were generated considering many factors (input data, model
parameters and initialization) however, the carbon impact of understory vegetation after
overstory MPB mortality and its longer-term recovery trajectory was not directly accounted for.

At the landscape-level, data on the understory (e.g. number of trees, species, sizes, non-treed
vegetation) is not well captured in the BC VRI as it is mainly interpreted from airborne
photography where the overstory canopy can largely obscure the understory trees. Our
knowledge of the potential understory abundance and carbon dynamics after MPB disturbance
comes mainly from plot-level biometric surveys (often from a single point in time) (Hawkins et
al., 2012; Vyse et al., 2009) and limited eddy covariance study sites (there are three in the
central interior: MPB-03, MPB-06, MPB-09 (Bowler et al., 2012; Brown et al., 2012; Mathys et
al., 2013; Meyer et al., 2018)). The results from these studies are highly variable within and
among ecological subzones (Hawkins et al., 2012), but do show that there is a wide continuum
in the abundance and composition of the understory and its growth response to overstory MPB
mortality. There are surveys in pure Lodgepole pine stands with very little understory or
surviving overstory after MPB disturbance (notably in the extensive dry Montane Spruce (MS)
zones that dominate the plateaus in the dry climate group (Vyse et al., 2009), while other
ecosystems are multi-layered and consist of a diverse mix of overstory and understory species
(Alfaro et al., 2015). Many factors affect the understory growth following MPB attack, including
the overstory structure, soil moisture, seedbed availability, forest floor structure, climatic
moisture, elevation, and proximity to seed trees (Dhar and Hawkins, 2011; Vyse et al., 2009).
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These factors vary widely at fine scales, making the predictor variables and their combined
influence on understory dynamics difficult to predict at the landscape level.

Some studies have found that after MPB mortality, carbon dynamics show a resilience in NEP
and NPP attributable to the release of residual treed and non-treed vegetation (Bowler et al.,
2012; Brown et al., 2012), while others have shown a decrease in GPP and NPP consistent with
the severity of mortality (Meyer et al., 2017). An eddy covariance study in the northern interior of
BC comparing two MPB attacked stands (MPB-03, MPB-06) found that the stands were usually
net carbon sources in the years measured (annual NEP ranging between -82 to -33 g C m-2),
with the exception of MPB-03 in one year being a weak sink (+4 g C m-2) (Brown et al., 2010).
The carbon balance at MPB-03 was less negative than MPB-06, with differences explained by a
longer time since mortality and the presence of a well-developed secondary structure
(seedlings, saplings, and residual overstory). However, even with significant understory, MPB03 was a sustained carbon source after MPB mortality. While results indicate that in general
residual tree species exhibit a positive response after MPB mortality (Hawkins et al., 2013), the
impact on carbon dynamics of partial stand mortality caused by MPB and the response of
understory vegetation is highly variable and uncertain. Because this factor is not captured
directly, the immediate impact of MPB on NPP could be overestimated in this study. Future
studies should attempt to include estimates of understory release and regeneration on carbon
dynamics.

Longer-term regeneration and re-growth after MPB disturbance was not explicitly captured in
this modeling procedure either. In this study, because most of the MPB mortality occurred near
the end of the study period, any new regeneration of trees would still be very small. So although
recovery processes would have started to occur, they were judged to have a small impact on
carbon dynamics in the short term after disturbance. Information on longer-term response of the
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understory to MPB mortality is beginning to emerge in the literature (Pappas et al., 2020; Pec et
al., 2015; Steinke et al., 2020). An experiment in Alberta that simulated MPB attack in
Lodgepole pine implemented through various levels of stem injection of herbicide found that
understory composition was changed more in stands with high levels of MPB mortality than
medium (Steinke et al., 2020). Plots in Lodgepole pine forest after MPB attack have shown an
increase in diversity and productivity in the understory (Pappas et al., 2020; Pec et al., 2015),
and long term recovery trajectories indicate an increase in multi-layered, mixed species forests
(Alfaro et al., 2015; Amoroso et al., 2013; Axelson et al., 2009). As the landscape level recovery
after MPB disturbance progresses throughout the interior of BC, accounting for recovery will
become more important. For forward-looking forest management strategies or studies, the large
range of possible recovery pathways after MPB disturbance represent significant uncertainty.

4.4.5.3

Model Parameterization Uncertainties

We used the default parameters within CBM-CFS3 for proportions of carbon moved from one
pool to another, emitted or removed to the forest product sector after disturbances. While these
default parameters were chosen to be consistent with past analyses (Smyth et al., 2020;
Stinson et al., 2010; Xu et al., 2018), and reflect reality as closely as possible at the regional
scale, the choice of mapped CBM-CFS3 disturbance type and their associated default
parameters are a source of uncertainty in modeling carbon dynamics. Consistent with
Metsaranta et al. (2017), Monte Carlo simulations and bootstrapping were used to generate
estimates of model uncertainty associated with identified major factors including input data,
turnover parameters, and model initialization. While beyond the scope for this regional-scale
analysis, future studies could explore more operational sensitivity analyses paired with
experimental data collection.
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4.4.5.4

Storage of Carbon in Harvested Wood Products

Harvesting moves a portion of biomass to forest products such as lumber where the carbon
stored is not released to the atmosphere until after its useful lifetime. This analysis was focused
on ecosystem carbon and emissions and while it was assumed that biomass transferred to
forest products was not instantly emitted, the storage from harvested wood products was not
directly included in the calculation of ecosystem carbon stocks. This was likely a conservative
assumption and carbon balance could be more positive if the storage of carbon in harvested
wood products was considered. If climate change mitigation is a key value that forests are
managed for, then harvesting can be an effective tool to minimize carbon emissions and
maximize storage.

4.4.5.5

Full Accounting and Other Forest Disturbances

For simplicity and clarity of this regional-scale analysis, other disturbances (such as defoliators,
wind, spruce beetle), have not been directly included, but have, and continue, to affect the
region’s forests. Carbon emissions associated with these other disturbances have not been
captured here. Because this study ended in 2018, the full carbon emission footprint of the
2017and 2018 wildfires was not captured, including post-disturbance Rh and reduced carbon
sequestration capacity, and these long term and forward-looking aspects should be targeted for
future research.

4.5

Summary of Carbon Outcomes

The scale of historical cumulative forest disturbances and the impact on regional forest carbon
balance and emissions in the central interior of BC, Canada was quantified, focusing on recent
extensive natural disturbances: MPB and 2017 and 2018 wildfires. Large-scale cumulative
forest disturbance from 2000 – 2018 caused dramatic changes in the biomass and DOM carbon
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pools but in opposite directions, with a net loss due to the occurrence of wildfire in 2017 and
2018.

Calculations show that the region has been a sustained carbon source since 2003, with MPB
causing 242 (25) Mt C of carbon emissions from 2000 – 2018, which lines up well with previous
predictions from other historical studies. Additionally, the 2017 and 2018 wildfire season caused
70 Mt C of carbon emissions and made the region a substantial carbon source with an average
NBP of -97.9 (8.6) g C m-2 year-1. The ability of the regional forests to sequester carbon has
been reduced by cumulative forest disturbance, with NPP declining by 10% since 2003. The
three main types of cumulative forest disturbances investigated in this study are all important
drivers of carbon emissions, but affect the carbon balance in disparate ways, with wildfire
causing variable annual pulses of carbon emissions in contrast to harvesting and MPB which
have caused more sustained emissions.
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Chapter 5: Regional Forest Evapotranspiration
5.1
5.1.1

Introduction
Importance of Regional-Scale Evapotranspiration

ET is a dominant term in the terrestrial water balance accounting for around 60% of total P
(Jasechko et al., 2013; Pan et al., 2015). As such, any change in vegetation due to forest
disturbance (e.g. wildfire, MPB) or forest management practices (e.g. logging, reforestation) can
alter ET and consequently affect other hydrological processes and water related ecosystem
functioning and services. Understanding forest change and its impact on ET also supports other
management objectives such as forest carbon sequestration, climate change adaptation, and
payment for ecosystem services (Costanza et al., 1997; Ellison et al., 2017; Jackson et al.,
2001). Thus, accurately estimating ET changes in forested ecosystems is important from many
perspectives, including understanding hydrological processes, managing environmental
hazards, ensuring provision of water and carbon related ecosystem functions, and quantifying
changes in the forest carbon and water coupling as represented by WUE in this thesis.

However, most existing studies on forest ET have been conducted at the small watershed or
finer scales, with research approaches such as paired watershed experiments or eddy
covariance towers (Biederman et al., 2014b; Williams et al., 2012b). The high cost, necessary
expertise, and stand level nature limits the direct use of the eddy covariance technique in this
study, although existing data from published literature were valuable independent sources of
comparison. With the increased availability of remote sensing data to capture large-scale
vegetation and climate dynamics, estimating ET at large spatial scales has received growing
attention in the past few decades. Despite this, remote sensing based estimates of ET are often
constrained by the resolution and temporal availability of the data, and the difficulty of accurately
representing forest structure, species, and their dynamics (Li et al., 2019; Liou and Kar, 2014).
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Thus, there is an important need to develop alternative methods and approaches to improve ET
estimation at large spatial scales.

For this study, MODIS ET does not have the temporal availability (it does not line up with
watershed streamflow data) or spatial resolution to be applied with certainty in the interior region
of BC that is characterized by complex terrain and high rates of forest change (Wang et al.,
2015). Previous watershed level studies use physically based hydrologic modeling or water
balance equations, but are bound to the subset of the region that the models were calibrated in.
Therefore, the method chosen to calculate ET must reflect the impact of vegetation change on
ET and be able to be applied at the appropriate temporal and spatial scale.

5.1.2

Research Questions

The key scientific question for forest ET involves quantifying how cumulative forest disturbance
has affected the forest ET in the central interior of BC, Canada, and partitioning out the relative
roles of climate and vegetation change. It was hypothesized that regional forest ET has
decreased due to the significant amounts of cumulative forest disturbance across the region,
and that climate has also played a significant role in the regulation of ET. How historical
cumulative forest disturbance has affected ET in the study region is an important question for
both science and forest management, due to the sheer scale of disturbance and the potential for
significant change in both the region’s climate and forests in the future.

5.2

Data and Methods

Each method of ET calculation has its own limitations and what is best for a given study
depends on the project itself. This study requires the calculation of annual ET, across large
areas, for many years, therefore water balance, remote sensing, mathematical models, and
hydrologic models are candidate methods. However, the narrow temporal range and coarse
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spatial resolution limits the use of remote sensing based products. The water balance equation
or hydrologic models cannot be exclusively used due to inconsistent availability of long term
streamflow records and supporting data, and limitations of being bound to the spatial extent of
pre-defined watershed boundaries. Therefore, the best method for this study was determined to
be a mathematical model, supported by multiple streams of available data such as streamflow,
and field measurements (Sun et al., 2016a; Wang et al., 2015). The methods and material in
this chapter have been previously published in ‘Improved Regional Scale Dynamic
Evapotranspiration Estimation Under Changing Vegetation and Climate’ (Giles-Hansen and
Wei, 2021).

5.2.1

Watershed Data

In the study region, we selected all watersheds that were unregulated and had sufficient
streamflow records and watershed boundaries. Daily discharge was acquired from the Water
Survey of Canada HYDAT database (Environment Canada, 2020a). Forty (40) calibration
watersheds were selected that had a streamflow record length of > 30 years which covered the
period of high disturbance in the 2000s (Table A.1, Figure 5.1). Thirty-three (33) validation
watersheds were those that had shorter streamflow records or that did not extend into the 2000s
(Table A.2, Figure 5.1). The average of all daily flows in cubic meters per second (m3 sec-1)
were used to calculate mean annual streamflow (Q), standardized to millimeters per year (mm
year-1) based on watershed area from the corresponding drainage area boundary (BC Gov,
2019; Environment Canada, 2020b). The runoff ratio was calculated as annual Q/P. To remove
years that were likely the result of poor data quality, years were filtered from the dataset if ET <=
0, the runoff ratio was not between 0.05 and 0.95, m could not be solved, m was less than zero,
or m was greater than five.
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Figure 5.1. Calibration (black) and validation (blue) watershed boundaries within the study region

5.2.2

Climate Data and Potential Evapotranspiration

The watershed scale climate data required for the ET calculation includes monthly P, and mean,
minimum and maximum T (Tmean, Tmin, and Tmax). Data from three grid based climate products
was investigated, tested and compared: climateBC (Wang et al., 2016; Wang et al., 2011),
ERA5 (Hersbach et al., 2020), and Pacific Climate Impacts Consortium (PCIC) (PCIC, 2014).
107

The climateBC dataset had superior temporal coverage and spatial resolution compared to
ERA5 and PCIC, and all variables that were necessary for calculation of ET were available
(Table 5.1). Estimates of watershed level annual P and T from climateBC compared closely to
PCIC. Therefore gridded monthly estimates of P, Tmean, Tmin, and Tmax were obtained from
climateBC (Wang et al., 2016). Estimates were generated across the study region at resolution
of 1.6 x 2.8 km (0.0083 degree) based on a digital elevation model (DEM) (Danielson and
Gesch, 2011). Annual P and PET were calculated as the sum of all months in the calendar year,
averaged to the spatial unit of interest.

Table 5.1. Comparison of key features of three distributed climate datasets
Temporal
availability

ClimateBC
1901 – 2019 and through to
2100

ERA5
1981 to last month*

PCIC
1950 – 2007

Temporal resolution

Monthly / seasonal / annual

Hourly to monthly

Monthly

Spatial resolution

800 m, to scale free point
locations

30 km

800 m grid

Variables available

> 200 variables, including
mean, min, and max T, P,
snow, radiation, degree
days

Hundreds of variables
including vegetation,
soil, orography, P, T,
snow, radiation

Min and max T, P

Support available

Yes

No

Yes

Spatial extent

BC (climateBC) or North
America (climateNA)

Global

BC

Limitations

Sparse weather stations at
high elevations may limit
the reliability of snow
estimates (this is true of all
sources).

Does not have monthly
min or max T, just the
average at 2 m height.
Not specifically
focused on this study’s
region. Limited
temporal availability.
Coarse spatial
resolution.

Limited number of variables
available and limited temporal
availability.

Advantages

Lots of variables, long
temporal coverage.
Based on PRISM, which is
widely used across North
America.

As many variables as
you might need for
alternative
calculations.

Separate quality assurance
process is implemented on
climate station data inputs.
Based on PRISM, which is widely
used across North America.

Note: T is temperature, P is precipitation, and * notes that as of July 2020, future iterations of ERA5 will
also include the years back to 1950.
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The average of three common T based methods were used to calculate PET, the climateBC
version of the Hargreaves formula (Equation 8), Hamon (Equation 10, Equation 11) and
Priestly-Taylor equations (Equation 12, Equation 13) (Hamon, 1963; Hargreaves and Samani,
1985; Priestley and Taylor, 1972). By taking the average of the three methods, the bias or error
associated with using just one may be minimized, and a more robust estimate of PET is likely
(Figure 5.5). The SPEI and EcoHydRology packages in R were used to implement the formulas
(Beguería and Vicente-Serrano, 2017; Fuka et al., 2018).

𝑃𝐸𝑇ℎ𝑎𝑟 = 0.0023 𝑅𝑎 [

𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛
+ 17.8] (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 )0.5
2

Equation 8

Where Ra is extraterrestrial radiation which is calculated based on latitude (radians) from
estimates of solar declination, sunset hour angle and inverse relative distance from the earth to
the sun, based on the middle day of each month (Julian day). Tmax is maximum daily monthly
temperature (degrees Celsius (oC)), Tmin is minimum daily monthly temperature (oC) and PEThar
is potential evapotranspiration from the Hargreaves formula at the monthly time step, summed
to annual in millimeters (mm).

The climateBC version of the Hargreaves formula includes two additional updates to the
standard formula, firstly, PET is assumed to be zero if the average monthly air temperature is
less than 0°C. Secondly, they implemented a latitude based adjustment (Equation 9) that they
found further improved estimates in comparison to validation climate stations (Wang et al.,
2011).
𝑃𝐸𝑇ℎ𝑎𝑟 = 𝑃𝐸𝑇ℎ𝑎𝑟 [(1.18 − 0.0067) × 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒]

Equation 9
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𝑃𝐸𝑇ℎ𝑎𝑚 = 0.1651 × 𝐷 × 𝐾 × 216.7 [

𝑉𝑠 = 6.108 × 𝑒𝑥𝑝 (17.27 ×

𝑉𝑠
]
(𝑇𝑚𝑒𝑎𝑛 + 273.3)

Equation 10

𝑇𝑚𝑒𝑎𝑛

Equation 11

𝑇𝑚𝑒𝑎𝑛+273.3

)

Where, D is the time from sunrise to sunset in multiples of 12h which is calculated based on the
day length of the middle day of each month (Julian day) and latitude (degrees); K is the
correction coefficient = 1.3; and Vs is saturated vapor pressure calculated based on the daily
mean temperature (Tmean), calculated for each month, and summed to annual Hamon based
estimate PET (PETham).

𝑃𝐸𝑇𝑝𝑡 = 𝛼 [

∆=

∆ 𝑅𝑛 𝐺
− ]
(∆ + 𝛾) 𝜆
𝜆

2503
17.27 × 𝑇𝑚𝑒𝑎𝑛
𝑒𝑥𝑝 [
]
(𝑇𝑚𝑒𝑎𝑛 + 227.3)
𝑇𝑚𝑒𝑎𝑛 + 237.3

Equation 12

Equation 13

Where α is the Priestley-Taylor constant = 1.26, the slope of the vapor pressure curve, Δ (kPa
ºC-1) is estimated using Tmean; λ is the psychrometric constant = 66 (Pa K−1); Rn is the net daily
radiation at the evaporating surface (MJ m-2 day-1), calculated from daily minimum and
maximum temperature (ºC) and latitude (radians); λ is the latent heat of vaporization (MJ kg−1),
and G is the daily ground heat flux which is assumed to be zero (MJ m-2 day-1) as in (McMahon
et al., 2013).

5.2.3

Forest Disturbance Data

Forest disturbance information was sourced from two spatial layers maintained by the provincial
government. The VRI (version 2019) contains the type, year and severity of the most recent
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logging and non-logging disturbance of each VRI polygon (MFLNRORD, 2019a). Additionally,
the provincial Consolidated Cutblocks (version 2019) layer was used to capture any recent
harvesting that may have not been updated in the 2019 VRI (MFLNRORD, 2020).

5.2.3.1

Integrated Index of Forest Disturbance and Recovery

While it is well established that there is a relationship between forest cover change and
hydrologic partitioning (Donohue et al., 2007), there is considerable variability because of
complex interactions between stand growth, structure, climate, and snow dynamics, that make
hydrological recovery and ET difficult to predict with recovery (Naranjo et al., 2012; Varhola et
al., 2010). Cumulative equivalent clear-cut area (CECA) was used to represent the cumulative
effect of multiple distinct types of forest disturbance and hydrologic recovery over time (Winkler
and Boon, 2015; Winkler et al., 2017). CECA has been widely used in the Pacific Northwest
where winter snowpack and the effects of vegetation alteration on peak flows are a major
concern (Lin and Wei, 2008; Zhang et al., 2016a; Zhang et al., 2017b). While CECA can
successfully account for multiple types of disturbance and incorporates the time varying concept
of recovery, it does not account for the relative spatial distribution of disturbances within a
watershed (King et al., 2005). Stand-level annual equivalent clear-cut area (ECA) was
calculated as disturbed area multiplied by a coefficient, which ranges from 0 – 100%. The ECA
coefficient starts at 100% after harvesting and wildfire, to reflect changes in hydrological
processes such as infiltration and ET and is reduced as the forest recovers, according to stand
height (BC Ministry of Forests, 1999). Annual CECA (in percent) was calculated as the sum of
all the stand-level ECAs in the spatial unit of interest divided by the area of that unit. Total
watershed area and the forested portion of the gridcell area was used as the divisor. Snow
recovery data (black points in Figure 5.2) from the revised Thompson — Okanagan region
(max. height 25 m) was used to fit a Chapman-Richards curve as in Table 2 of Winkler and
Boon (2015) to express the relationship between stand height and ECA coefficient.
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Figure 5.2. Relationship between stand height and stand-level equivalent clear-cut area (ECA)

5.2.3.2

Cumulative Equivalent Clear-cut Area After Wildfire and Harvesting

The height after disturbance was calculated using the standard provincial models VDYP for
wildfire and TIPSY for harvesting, consistent with what is described in the carbon analysis
section (section 4.2.2.2.3 Growth and Yield). Then the height based relationship shown in
Figure 5.2 was used to calculate the annual ECA for each stand accounting for its specific
modelled growth rate. Because post-harvest growth rates are commonly increased with site
preparation, planting of genetically enhanced material, and control of competing vegetation
(herbicide or brushing), regeneration growth rates are higher and the ECA is lower for planted
stands at a given age compared with wildfire (Figure 5.3).
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Figure 5.3. Stand-level equivalent clear-cut area (ECA) curves after wildfire (a) and harvesting (b)
by time since disturbance and 5 m site index class

5.2.3.3

Cumulative Equivalent Clear-cut Area After Mountain Pine Beetle

In contrast to harvesting and wildfire, after MPB mortality the ECA coefficient is applied
gradually as tree death and needle drop occur progressively over many years (Forest Practices
Board, 2007). Post MPB ECA calculations were implemented based on the methodology
detailed in Lewis and Huggard (2010), where the ECA coefficients were varied to account for
differences in mortality and post-mortality growth rates based on BEC zone, site index, and
MPB mortality (Figure 5.4).

BEC zones in the study region were mapped to the most similar or adjacent BEC zone that
existed in the ECA curve database. The original Lewis and Huggard database included site
indices 10, 15, 20, and 25, which were interpolated to the nearest 1 m. Similarly, MPB mortality
classes were interpolated to the nearest 10%.
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Figure 5.4. Stand-level equivalent clear-cut area (ECA) curves after mountain pine beetle
disturbance for selected BEC zones, mortality percentages, and site index
Note: ESSFxc2 is the Engelmann Spruce-Subalpine Fir Thompson Very Dry Cold (biogeoclimatic
ecosystem classification (BEC) zone, subzone, and variant), MSdm3 is the Montane Spruce North
Thompson Dry Mild BEC zone, SBPS is the Sub-Boreal Pine-Spruce BEC zone, and the SBSdk is the
Sub-Boreal Spruce Dry Cool BEC zone.

5.2.4

Topographic Calculations

Topographical calculations were based on a 1.6 x 2.8 km (0.0083 degree) resolution DEM
(Danielson and Gesch, 2011) and carried out using R’s raster package (Hijmans, 2020; R Core
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Team, 2016). Total area in square kilometers (km2), average elevation, and slope (in degrees)
were calculated for each unit of interest (watershed or gridcell).

5.2.5

Budyko Framework

The three different formulations of the Budyko framework that were outlined in “Chapter 2:
Literature Review” (section 2.2.3.4), were tested (Fuh, Zhang, Choudhury-Yang equations,
Equation 5, Equation 6, and Equation 7, respectively). As Zhang’s equation was developed in
only rainfall dominated areas, and deliberately excluded watersheds in areas with snow, it was
judged to be inappropriate to use in this study (Zhang et al., 2001; Zhang et al., 2004).
Additionally, some studies have found that Zhang’s equation overestimated ET in areas with low
annual T (Komatsu et al., 2012). During testing, the Choudhury-Yang and Fuh equations yielded
very similar results, with the m value in Fuh’s equation solved slightly higher than the n
parameter in the Choudhury-Yang equation. Given this similarity in outcomes and to be
consistent with other global studies (Berghuijs et al., 2017; Wei et al., 2018; Zhou et al., 2015),
we chose to use the Fuh formulation of the Budyko framework.

Fuh’s equation (Fuh, 1981) (Equation 14) was used to describe the relationship between the
partitioning of P to runoff and climate (represented by wetness index: P/PET) and its
dependence on the local characteristics of each watershed (m) (Zhou et al., 2015). The water
balance equation was used to calculate ET (Equation 15), with the annual change in watershed
storage assumed to be zero.
1

𝑄
𝑃 −𝑚 𝑚
𝑃 −1
= [1 + (
) ] − (
)
𝑃
𝑃𝐸𝑇
𝑃𝐸𝑇

Equation 14

𝑃 = 𝐸𝑇 + 𝑄 + ∆𝑆

Equation 15
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Where Q/P is the ratio of annual streamflow to precipitation, P/PET is the ratio of annual P to
potential evapotranspiration, m is a dimensionless representation of watershed characteristics,
ET is evapotranspiration, and ΔS is annual change in watershed storage.

5.2.6

Fuh’s Watershed Parameter m

The watershed parameter m in Fuh’s equation can be interpreted as an indicator of the water
retention capacity of a watershed, representing the integration of many factors such soil type,
soil depth, vegetation condition, and watershed size. Other studies have shown the watershed
parameter within the Budyko equation to be related to watershed properties such as soil
properties (Jiang et al., 2015; Yang et al., 2007), watershed slope (Yang et al., 2009; Yang et
al., 2007; Yang et al., 2008), anthropogenic development area (Jiang et al., 2015; Shen et al.,
2017), and vegetation characteristics (Donohue et al., 2012; Yang et al., 2009; Zhang et al.,
2016b). The choice of appropriate watershed variables varies with the aim and time frame of the
study (Ning et al., 2019). Multiple linear regression between watershed scale m and climatic,
topographical, and vegetative indices was used to quantitatively express this relationship and
how it may vary under changing climate and forest conditions. P, PET, and Q data from the 40
calibration watersheds were used to solve for m in Fuh’s equation for each group of years in
each watershed using the ‘uniroot’ function in R (R Core Team, 2016). Annual data was
clustered into groups of at least five years with similar levels of forest disturbance (CECA
values) to satisfy the implicit assumption of zero change in annual water storage in the water
balance equation. Watersheds were classified into three distinct groups based on climatic
differences and co-evolved differences in vegetation, topography, soils, and seasonality: dry,
moderate, and wetter watersheds (Table 5.2, Figure 5.6). This was done to reflect differences in
sensitivity to forest disturbance across the regional climate gradient that became apparent
during data exploration and analysis (established in studies such as Zhou et al. (2015) and
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Berghuijs et al. (2017)). Watersheds in the dry group are characterized by an average wetness
index (P/PET) < 1, have low elevation rolling topography, lowest P and snow proportion and
highest T and average watershed size in the study area. The moderate group generally has
wetness indices between 1 and 2 and varied topography, while watersheds in the wet group
have a wetness index > 2, are at high elevation and are characterized by low T and high P, with
a high proportion of P falling as snow.

The calculated m values from the 40 calibration watersheds were used to find the best fit
multiple linear regression equation between m, CECA, and other predictor variables for each
climate group. The predictor variables tested were CECA, the natural log of watershed area,
average slope, average elevation, elevation difference, terrain ruggedness index, terrain
roughness index, and their interactions. A significance level of p <= 0.05 was used and the
model with the lowest residual sum of squares and highest adjusted R2 was chosen. Q — Q
plots were used to ensure a linear relationship between predictor variables and m. The ShapiroWilk normality test was used to confirm the normality of residuals and the Breusch-Pagan test
was used to confirm equal variances. A correlation matrix was used to ensure there were no
strong correlations between the predictor variables chosen to deal with potential multicollinearity
problems as identified in Ning et al. (2019).
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Figure 5.5. Effect of potential evapotranspiration (PET) equation on watershed level average long
term annual PET (a) and estimates of m by wetness index
Note: PET is potential evapotranspiration, P is precipitation, m is the watershed property from Fuh’s
equation, and variations of PET are shown from the climateBC version of the Hargreaves formula, Hamon
formula, the Priestly-Taylor formula and the average. The average of the three formulas was used in the
ET calculation and is denoted as “PET” going forward.
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5.2.7

Calibration and Validation of Evapotranspiration

Then, the chosen multiple linear regression equation for each climate group was used to
calculate m in the 33 validation watersheds and along with P and PET, Fuh’s equation was used
to calculate ‘Fuh based ET’. Measured Q and P in the validation watersheds were used to
calculate ‘water balance based ET’, which was the metric for comparison. A significant linear
relationship between the Fuh based ET and the water balance based ET at p<=0.05 was used
to validate the calibrated relationships. The Nash-Sutcliffe efficiency (NSE) statistic and root
mean square error (RMSE) of the predicted ET and Q/P in the validation watersheds were also
used to assess model performance.

Table 5.2. Average watershed characteristics by climate group
Calibration
Number of watersheds
Years of records
P
PET
Wetness index (P/PET)
Q
Runoff ratio (Q/P)
Watershed size
Slope (degrees)

(km2)

Validation

Wet
15

Moderate
14

Dry
11

Wet
14

Moderate
6

Dry
10

52 (16)

44 (16)

43 (19)

33 (13)

40 (22)

29 (13)

1,171 (317)

756 (170)

535 (33)

1,066 (310)

861 (178)

513 (114)

582 (48)

600 (55)

642 (36)

598 (62)

588 (54)

647 (39)

2 (0.6)

1.3 (0.4)

0.8 (0.1)

1.9 (0.7)

1.5 (0.4)

0.8 (0.2)

858 (300)

331 (105)

123 (35)

756 (275)

443 (73)

123 (76)

0.7 (0.1)

0.4 (0.1)

0.2 (0.1)

0.7 (0.1)

0.5 (0)

0.2 (0.1)

9,880 (12,448)

7,281 (14,435)

4,628 (6,076)

1,585 (1,621)

753 (793)

967 (1,320)

9.2 (2.3)

5 (2.5)

3.2 (1.2)

9.8 (3.2)

6.9 (2.5)

4.3 (1.8)

Note: values in brackets are one standard deviation around the mean of the watersheds in each group, P
is precipitation (mm), PET is potential evapotranspiration (mm), Q is mean annual streamflow (mm), and
all applicable average values were calculated using all years of available streamflow records.
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Figure 5.6. Calibration and validation watershed distribution by size (a), slope (b), and maximum
level of disturbance (c)
Note: CECA is cumulative clear-cut area.
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5.2.8

Regional Scale Application

The validated relationships were then applied across the entire study region to 10 km by 10 km
(100 km2) gridcells. Topographic variables and annual time series of CECA, P, PET, and m
were constructed for each gridcell from 1950 – 2018 using the same process described above
for the watershed scale. Gridcells were assigned to either the dry, moderate, or wet climate
group based on wetness index thresholds using the average value from 1950 – 2018 as
described in section 3.2.4 “Climate Groups”. The dry climate group covers 53% of the region,
while the moderate and wet groups cover 37% and 11% of the region, respectively (Figure 3.3).
The multiple linear regression equation was then used to calculate m for each year and each
gridcell, Fuh’s equation was used to calculate annual Q/P, and the water balance equation to
calculate ET.

5.2.9

Trend Analysis

To allow for comparison between historical periods, the time series data were separated into a
generalized reference period of low disturbance (1950 – 1999), and a disturbance period (2000
– 2019). The non-parametric Mann-Kendall test (Mann, 1945) was used to interpret trends in
climate and ET data implemented on pre-whitened data, following the process recommended in
Yue et al. (2002). It was applied to the average annual time series of P, PET, and ET of all
gridcells and by group from 1950 – 2018, 1950 – 1999, and 2000 – 2018.

5.2.10 The Effect of Forest Disturbance on Regional Evapotranspiration
The changes in ET due to climate and forest change between the reference and disturbance
period were calculated using Fuh’s equation by substituting m in the disturbance period with the
average value of m by group from the reference period. The change in ET due to climate was
then calculated as the difference between the reference period ET and the disturbance period
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ET with reference m. The change in ET due to forest change was calculated as the difference
between the disturbance period ET with disturbance versus reference m (Ning et al., 2018).

5.3
5.3.1

Results
Calibration of Watershed parameter m with Climate, Forest Disturbance and

Watershed Properties
Solving Fuh’s equation for m for the calibration watershed data produced an average m (with
one standard deviation in brackets) of 2.84 (0.37), 2.12 (0.39), and 1.53 (0.20) for the dry,
moderate, and wet climate groups respectively (Table 5.3). 94% of the points were between m =
4 and m = 1.3 (Figure 5.7 a). Q/P increased with increasing wetness index, with an average of
0.24 (0.06), 0.46 (0.09), and 0.72 (0.07) for the dry, moderate, and wet climate groups,
respectively.

In the moderate and dry climate groups, m decreased as CECA increased (p<0.01). In the
moderate climate group, the CECA coefficient was calculated as -0.022, compared to -0.013 in
the dry climate group, indicating that per unit increase in CECA, m decreased nearly twice as
much in the moderate group compared to the dry group (Table 5.3, Figure 5.7 b). In the
moderate climate group, m was negatively related to higher slope and elevation, with a positive
term for the interaction between slope and elevation. In the dry climate group, m was negatively
related to watershed area and positively related to elevation (Table 5.3). In contrast, m was not
significantly related to CECA or any of the watershed-scale topographic indices tested in the wet
climate group.
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Figure 5.7. Calibration (circle) and validation (triangle) watersheds on the Budyko curve (a) and
fitted linear relationships between forest disturbance and m (b)
Note: Q/P is the ratio of annual streamflow to precipitation, P/PET is the ratio of P to potential
evapotranspiration, CECA is the cumulative equivalent clear-cut area, m is the watershed specific
parameter in Fuh’s equation calculated using multiple linear regression at average slope, elevation, and
area for each climate group, and where grey shading is the 95% confidence interval.

Table 5.3. Relationship between m and predictor variables in calibration watersheds
Climate group
All

Av.
m
2.13

Wet

1.53

Moderate

2.12

Dry

2.84

m equation
N/A
𝑚 = 1.5
𝑚 = 3.8 − 0.022𝐶𝐸𝐶𝐴 − 0.39𝑆𝑙𝑜𝑝𝑒 − 0.0011𝐸𝑙𝑒𝑣
+ 0.00028(𝑆𝑙𝑜𝑝𝑒 × 𝐸𝑙𝑒𝑣)
𝑚 = 3.3 − 0.013𝐶𝐸𝐶𝐴 − 0.13𝑙𝑛(𝑎𝑟𝑒𝑎) + 0.00064𝐸𝑙𝑒𝑣

Adjusted R2
N/A

p-value
N/A

N/A

0.83

0.42

p<0.001

0.46

0.0026

Note: m is the watershed characteristic parameter in Fuh’s equation, CECA is cumulative clear-cut area
(%), Slope is mean watershed slope in degrees, Elev is mean watershed elevation (meters), ln(area) is
the natural log of watershed area (km2) and the equations were considered significant at a p-value of
<0.05 (bold italics).

5.3.2

Validation of Estimated Evapotranspiration and Runoff Ratio

Water balance based estimates of ET and Q/P in the validation watersheds were significantly
related (p<0.001) to the estimates using Fuh’s equation with varied m values based on the
multiple linear equations listed in Table 5.3 (Figure 5.8). R2, NSE, and RMSE were 0.65, 0.52,
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and 44 for ET and 0.9, 0.84 and 0.07 for Q/P respectively in the validation watersheds. Based
on this, the method performed reasonably well in predicting ET and Q/P in the study area.

Figure 5.8. Water balance and Fuh based evapotranspiration estimates (a) and runoff ratio
estimates (b) in validation watersheds
Note: ET is evapotranspiration, Q/P is the runoff ratio, defined as streamflow divided by precipitation,
NSE is Nash Sutcliffe Efficiency, and RMSE is root mean square error.

This method produced ET estimates with lower residuals, variability and skew than using both
the strictly climate based Budyko equation or using a static m = 2 in Fuh’s equation (Figure 5.9).
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Figure 5.9. Validation watershed evapotranspiration (a) and runoff ratio (b) residuals for three
Budyko based methods
Note: ET is evapotranspiration, Q/P is runoff ratio, defined as streamflow (Q) over precipitation (P),
wetness index is the ratio of P to potential evapotranspiration (PET), residuals are calculated as the water
balance ET (or runoff ratio) minus the value calculated from each method, the three methods compared
include a. the method outlined here (Fuh with variable m), b. the Budyko equation (Equation 4), and c.
Fuh’s equation with m = 2.

5.3.3

Scaling from Watershed to Gridcell

The validity of using Fuh’s equation that was developed at the watershed scale, at the gridcell
scale, was tested by comparing the sum of the gridcell ET to the total watershed ET for a
selection of six watersheds. These watersheds were chosen from the validation watersheds to
include a range of size and climate groups, with minimal non-forested area. Watershed-scale
ET and the sum of gridcell ET compared well (Table 5.4), with gridcell estimates of ET ranging
between 98 and 108% of watershed-level estimates. Gridcell based estimates of runoff ratio
ranged between 90% and 116% of the watershed-level estimates. This indicates that it is valid
to deconstruct total watershed-scale ET by gridcell, and also to calculate regional ET by
aggregating gridcells.
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Table 5.4 Comparison of watershed to the sum of gridcell evapotranspiration and runoff ratio
Watershed
estimates

Gridcell estimates

Percentage

Climate
group

Area
(km2)

ET

Runoff ratio

ET

Runoff ratio

ET

08ED002

Wet

1,897

349

0.77

377

0.69

108%

90%

08KE016

Dry

1,555

410

0.20

401

0.23

98%

116%

08KG001

Dry

12,430

376

0.20

379

0.20

101%

98%

07EE010

Moderate

3,712

417

0.44

418

0.43

100%

97%

08KH010

Wet

790

343

0.71

351

0.68

102%

95%

07EE010

Moderate

3,712

417

0.44

418

0.43

100%

97%

Station

Runoff ratio

Note: ET is evapotranspiration, and the percentage is calculated as the gridcell based estimate divided by
the watershed estimate.

5.3.4

Trends in Regional Evapotranspiration

Across the interior BC region from 1950 – 2018, trends in annual P and PET were consistent
between the climate groups, with the Mann-Kendall test showing no significant trends in P. PET
increased significantly in the dry and moderate climate groups (Figure 5.10 a, Table 5.5). ET
decreased significantly in the moderate climate group from 413 mm in the reference period to
378 mm in the disturbance period, however there were no significant trends for ET detected in
the dry or wet climate groups (Figure 5.10 b, Table 5.5). CECA increased significantly in all
climate groups from 1950 – 2018 and during the disturbance period from 2000 – 2018 (Figure
5.10 c, Table 5.5). The Wilcoxon signed-rank test did not show significant differences between
the P and PET in the reference and disturbance periods. Normalized by CECA, ET was the
most sensitive to forest change in the moderate climate group. Per percentage increase in
CECA, the dry climate group showed a 0.64 mm decrease while the moderate climate group
showed a 5.02 mm reduction (Figure 5.10 d).
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Figure 5.10. Regional trends from 1950 – 2018 in climate variables (a), and trends in
evapotranspiration (ET) and forest disturbance by climate group (b and c), and the sensitivity of
ET per change in forest disturbance (d)
Note: P is precipitation, PET is potential evapotranspiration, ET is evapotranspiration, CECA is cumulative
clear-cut area (CECA), the sensitivity of ET is calculated for each gridcell as the average ET in the
disturbance period minus the average ET in the reference period values and is graphed against the
change in CECA which is calculated the same way. Dashed lines are from loess smoothing and shading
is the 95% confidence interval around the mean.
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Table 5.5. Averages and Mann-Kendall results from regional analysis for selected periods by
climate group
Region

Dry

Value

Tau

p

948 (420)

0.00

PET

604 (69)

ET
CECA

Moderate

Value

Tau

p

0.93

514 (62)

0.03

0.13

0.01

689 (29)

388 (46)

-0.06

0.18

6.2 (7.6)

0.44

955 (428)

PET
ET

Wet

Value

Tau

p

Value

Tau

p

0.74

840 (80)

-0.01

0.93

1490 (157)

-0.11

0.19

0.23

0.00

589 (23)

0.14

0.08

534 (26)

0.13

0.12

426 (33)

-0.01

0.87

403 (23)

-0.49

0.00

334 (12)

0.19

0.02

0.00

10.1 (10.8)

0.99

0.00

5.8 (5)

0.99

0.00

2.9 (2.4)

1.00

0.00

0.03

0.63

517 (65)

0.06

0.55

842 (82)

0.01

0.95

1507 (159)

0.05

0.64

599 (68)

0.05

0.34

683 (28)

0.12

0.23

586 (23)

0.08

0.42

529 (26)

0.05

0.60

392 (48)

-0.02

0.73

429 (34)

0.04

0.71

413 (15)

-0.27

0.01

333 (11)

0.11

0.27

3.1 (3)

0.63

0.00

4.5 (3.8)

1.00

0.00

3.2 (2.6)

0.99

0.00

1.6 (1.5)

1.00

0.00

1950 – 2018
P

1950 – 1999
P

CECA

2000 – 2018
P

930 (404)

-0.03

0.75

508 (55)

0.10

0.58

835 (76)

0.01

1.00

1446 (145)

-0.18

0.29

PET

616 (71)

0.19

0.04

704 (26)

0.22

0.21

598 (20)

0.16

0.36

545 (23)

0.09

0.62

ET

378 (41)

-0.13

0.16

419 (31)

0.05

0.78

378 (23)

-0.60

0.00

336 (13)

-0.17

0.33

CECA

14 (9.7)

0.18

0.04

24.1 (10)

0.98

0.00

12.1 (3.8)

1.00

0.00

5.9 (1.1)

0.99

0.00

Note: value is the average value of the variable for that period with one standard deviation around the
mean by gridcell in brackets, Tau is the Mann-Kendall Tau that indicates the direction and strength of the
trend and p is the p-value where results were considered significant at a p-value of 0.05 (bold), P is
precipitation, PET is potential evapotranspiration, ET is evapotranspiration, and CECA is cumulative
clear-cut area.

5.3.5

Relative Roles of Climate and Vegetation in Evapotranspiration Change

Across the region, ET decreased from an average of 404 (75) mm in the reference period to 389
(81) mm in the disturbance period, where the values in brackets are one standard deviation
around the mean by gridcell. Change in ET from the reference to disturbance period ranged
from an average increase of 4 mm in the wet climate group to a decrease of 32 mm in the
moderate climate group (Table 5.6). Changes in climate increased ET across all groups (1, 21,
and 4 mm in dry, moderate, and wet groups respectively), whereas forest disturbance driven
changes in ET were -11, -53, and 0 mm or -2.6, -13.0 and 0.0% when calculated as a proportion
of the reference period ET. Normalized by the percent change in CECA, the moderate climate
group not only had the largest absolute mean decrease due to forest change, but also the
largest decrease of 6 mm per increase in CECA.
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Table 5.6. Average change in evapotranspiration from the disturbance to reference period by
climate group

Reference ET (1950 – 1999)

Region
404 (75)

Dry
429 (69)

Moderate
407 (72)

Wet
333 (46)

Disturbance ET (2000 – 2018)

389 (81)

419 (69)

375 (93)

337 (49)

-15

-10

-32

4

413 (72)

430 (71)

428 (58)

337 (49)

9

1

21

4

2.2%

0.2%

5.2%

1.2%

-24

-11

-53

0

-5.9%

-2.6%

-13.0%

0.0%

CECA change from reference to disturbance period (mm)

10

19

9

4

ET change due to forest disturbance normalized by CECA

-2

-1

-6

0

ET change from reference to disturbance period (mm)
Disturbance ET (2000 – 2018) with reference m
ET change due to climate (mm)
ET change due to climate (% of reference ET)
ET change due to forest disturbance (mm)
ET change due to forest disturbance (% of reference ET)

Note: ET is evapotranspiration in mm, CECA is cumulative clear-cut area in percent, and brackets are
one standard deviation around the mean by gridcell.

5.4
5.4.1

Discussion
Estimation of Regional Evapotranspiration

Regional estimates of ET in the reference period ranged from 333 (11) mm in the wet areas, to
413 (15) mm in the moderate areas and 429 (34) mm in the dry areas. These compare well with
other water balance based estimates of ET in the study region which range from 300 – 500 mm
(Li et al., 2018a; Moore and Scott, 2005; Winkler et al., 2017; Zhang and Wei, 2012; Zhang et
al., 2017b). Published eddy covariance estimates in the study region range from 152 mm to 324
mm in partially disturbed stands (Brown et al., 2014; Mathys et al., 2013). For the Montane
Cordillera ecozone, which lines up the closest to the central interior region of BC, annual ET
estimates from Wang et al. (2015) range from an average of roughly 250 – 400 mm, depending
on the method. Site level comparisons with eddy covariance sites (14 sites across Canada)
showed the four process-based models evaluated in Wang et al. (2015) performed relatively
well (R2 ranging from 0.29 – 0.64), however MODIS overestimated ET in low ET settings (e.g.
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winter). Problematically in Wang et al. (2015), landscape level comparisons were ineffective in
BC specifically, likely due to a coarse and inadequate P dataset used (McKenney et al., 2011).

ET was the lowest in the wet climate group (covering 11% of the study area), which in this
region is driven by energy limitations of the cold and wet climate. While this is consistent with a
global synthesis of paired watershed experiments that found cold forested catchments exhibit
significantly lower median ET (Peel et al., 2010), this is in contrast to rain dominated systems
where ET is often the highest in wet and energy limited ecosystems. In the wet climate group, a
high proportion (60%) of annual P is delivered as snow in the winter months, limiting the
availability for ET in the growing season and creating complicated sub-annual dynamics based
on melt timing and variability. The calculated ET was also compared to ET from the MODIS
MOD16A3 product (calculated for the study area but not shown) and although there were
relatively large differences between the annual values from both methods, the average
magnitude of 386 mm was found to be comparable to 393 mm for the period 2000 – 2014.
Wang et al. (2015) compared ET estimates from eddy covariance, water balance, MODIS and
three land surface models across Canada. They also found that in the interior BC region, the
difference between water balance ET and MODIS estimates ranged from -300 to +200 mm.
However, they showed good agreement (< 16.3 mm) when averaged over many watersheds
and over many years due to the offsetting effect of positive and negative biases. Therefore, it is
important to consider the climatic ranges and characteristics of the study region when
comparing trends and estimates across a gradient or between studies. Nevertheless, the ET
estimates from this study are quite consistent with results in similar areas from other studies.

5.4.2

Response of Evapotranspiration to Forest Disturbance and Climate

Results from this study showed that forest disturbance significantly decreased ET in most parts
of the study region except for insignificant change in the wet climate group. This finding is
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generally consistent with previous studies (Bright et al., 2013; Goeking and Tarboton, 2020; Li
et al., 2018a; Maness et al., 2013; Ning et al., 2020; Vanderhoof and Williams, 2015; Wei and
Zhang, 2010; Yang et al., 2009; Zhang and Wei, 2012; Zhang et al., 2017b). Maness et al.
(2013) found a 19% decrease in summertime ET after MPB, averaged across the entire Fraser
Basin. This is of a similar magnitude to two other landscape-scale studies after widespread
MPB in the Colorado Rockies that found reductions in summer ET of 18.7% and 13 – 44% in
the short term after MPB (Bright et al., 2013; Vanderhoof and Williams, 2015). However,
because these studies were based on the MODIS ET algorithm which has significant problems
with winter snow dynamics, these estimates are only for summer ET and do not represent the
full change in annual ET.

More importantly, the largest decrease in ET with forest disturbance was found in the moderate
climate area, with reduced responses in the dry areas. The slope of the fitted linear relationship
between CECA and m was nearly twice as steep in the moderate climate group compared to
the dry climate group (Figure 5.7 b), showing greater sensitivity of ET to forest change. This was
reflected in the regional application (Figure 5.10 d), where ET varied negatively with forest
disturbance and varied considerably more in the moderate climate area. The higher response of
ET to forest disturbance in the moderate climate area is supported by the theoretical work done
within the Budyko framework by Zhou et al. (2015) which showed that the hydrological
responses depend on the interactions between watershed properties and climate. They
suggested that land cover changes where P/PET < 1 and/or m < 2 would produce greater
hydrological responses. This fits with Zhou’s theoretical description of sensitivity as the
moderate climate group straddles the upper end of the P/PET range and generally has m values
less than two. The interaction between the climate and watershed properties together produced
a higher response of ET to forest change in the moderate group than the dry or wet groups.
Zhang et al. (2017b) investigated the variation in hydrological response to forest disturbances
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across climatic gradients in large interior BC watersheds. Their study watersheds ranged across
the moderate and dry climate groups as defined in this study. Consistent with our result of
higher ET response in the moderate climate, they found that mean annual flow response to
forest disturbance was three times higher in energy limited watersheds (the equivalent of the
moderate climate group) compared to water limited watersheds (the equivalent of the dry
climate group). Similarly, a global study on the sensitivity of the ET ratio found energy limited
regimes were more sensitive than water limited regimes (Liu et al., 2020). Clearly, the variation
in the response of ET to forest disturbance between the moderate and dry climate groups is
likely due to their differences in climate and watershed properties. The dependence of ET
response on climate group additionally implies that the subsequent forest carbon and water
coupling in this thesis must consider differences between climate groups.

Interestingly, there was no significant relationship found between ET and forest disturbance in
the wet areas, indicating that ET in this kind of cold, snow dominated environment is not very
sensitive to vegetation change. These watersheds are characterized by high elevations with
complex mountainous terrain and cold climates, which are typical energy limited systems where
hydrological responses to forest change are commonly lower than those in water limited
systems (Zhang et al., 2017b; Zhou et al., 2015). In addition, there were significant interannual
variations in ET in the wet climate group as shown by the scatter in Figure 5.7 that were not
explained by the variables tested or the climatic variables in Fuh’s equation. Factors not well
represented in the Budyko framework such as the snow to rain ratio and snow melt rate
(Barnhart et al., 2016; Berghuijs et al., 2014), seasonal variations or storminess (Donohue et al.,
2012; Ning et al., 2020; Shen et al., 2017) may cause some of this variation. Sub-annual
detailed snow dynamics affect how forests can utilize P falling as snow, with large annual
variations in the snow accumulation, the timing and rate of melt, rain on snow events, and their
complex interactions with ecohydrological seasonality, watershed synchronization, and
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mechanisms of soil recharge (Jones and Perkins, 2010; Varhola et al., 2010; Winkler et al.,
2014). Since variation in detailed snow dynamics are largely sub-annual and cannot easily be
included in the Budyko framework, we did not focus on this variable, However, more research is
needed to investigate the possible driving variables of ET in this type of snow dominated
environment with P in excess of 1000 mm, runoff ratios ~0.7, the proportion of snow > 50%, and
ET ~300 mm.

Although ET generally decreased with increasing forest disturbance in this study region, there
were large variations between climates, watersheds, and years, which are consistent with the
findings from the stand and watershed-level studies. For example, smaller scale studies often
report decreased ET with insect infestation (Kim et al., 2017; Mikkelson et al., 2013) and forest
removal (Bosch and Hewlett, 1982; Jassal et al., 2009). An eddy covariance and stand-level
modeling study in the region found ET was reduced from 385 – 250 mm year-1 with MPB
mortality (Meyer et al., 2017). Some watershed-scale studies have found that increased
evaporation, understory ET, compensating changes in snow processes or unaffected areas can
produce minimal change in ET after forest disturbance (Biederman et al., 2014b; Penn et al.,
2016). The large variations in the response of ET to forest disturbance clearly suggests that
understanding ET requires a broader context considering climate, disturbance level and type,
scale, and watershed properties.

5.4.3

Methodological Improvements for Regional Evapotranspiration Estimation

This study directly links the m parameter with a vegetation index or proxy for cumulative forest
disturbance (CECA) and watershed properties, so that Budyko type equations can be used to
quantitatively estimate ET and hydrological partitioning under a changing environment for large
spatial scales (landscape or regional level). In addition, the above relationship was separately
constructed in each of the three climate groups, and thus, consideration of climatic interactions
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and their different sensitivities to forest disturbance was also included explicitly in the ET
calculations in this study. Several Budyko based studies, primarily in China, have investigated
the relationship between the long term proportions of vegetation coverage and the watershed
parameter (Xing et al., 2018; Xu et al., 2013; Yang et al., 2009) or the relative change in forest
between two periods (Ning et al., 2017; Zhang et al., 2016b), however few have directly
included all three key elements: vegetation change, topography, and climate into calculation of
the watershed parameter. The one other study that was found through a literature search is
located in a very different climate (China’s Loess plateau) and did not use independent data to
validate the relationship (Ning et al., 2019). Furthermore CECA, capturing dynamic changes
from cumulative forest disturbance and recovery at an annual time step, is a better and more
accurate vegetation index to reflect forest changes than the NDVI or fPAR indices used in other
similar studies (Liu et al., 2018; Ning et al., 2020; Ning et al., 2019; Yang et al., 2009; Zhang et
al., 2016b).

Validation using independent watersheds confirmed that this method can be used to predict
long term dynamic ET over large spatial scales (Figure 5.8, p<0.001, R2 = 0.49). Additionally,
this method produced better estimates of ET in terms of mean, variability and skew than using
both the strictly climate based Budyko equation or using a static m = 2 in Fuh’s equation (Figure
5.9). Therefore, validation confirmed that the proposed method of varying m in Fuh’s equation to
account for dynamic forest change improved the accuracy of ET estimation. An important
advantage of this method is that it is not constrained by the period or scale at which Q is
available, as illustrated by the regional application using historical and future climate and forest
change data. Using Fuh’s equation with remotely sensed or other regionally relevant land use
change and climate datasets may allow improved analysis of ET, hydrologic variables, and the
forest carbon coupling in data poor landscapes or regions.
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5.4.4

Management Implications

This study found that cumulative forest disturbance can significantly cause a reduction in ET
and affect hydrologic partitioning in the moderate and dry climates across the interior BC region.
Current forest management is largely focused on mitigating the risks of peak flow in areas of
high snowpack and relief (Winkler and Boon, 2015), however the results from this study showed
that ET responses have different sensitivities to forest disturbance in different climates and
watershed types. The moderate and dry climate groups occupy the majority of the region (53
and 37% respectively), were more heavily impacted by forest disturbance, and support higher
human populations and activities such as agriculture. The higher sensitivity to forest disturbance
in these areas means that streamflow, water supply, and other ecosystem functions as
represented by the forest carbon and water coupling could be negatively impacted. The findings
from this study suggest that watershed and forest management should focus more attention on
the moderate and dry climate groups.

Adaption to and mitigation of climate change impacts are becoming a critical and emerging
aspect of forest and watershed management. This study showed that historically in this region,
climate driven changes in ET were relatively modest (1, 21, and 4 mm in the dry, moderate, and
wet areas, respectively) compared to the changes in ET due to dramatic forest change (-11, -53,
and 0 mm in the same areas). Interestingly, they have worked to offset each other in the dry and
moderate groups, with climate producing an increase in ET while forest disturbance decreased
ET, obscuring the full effect of either driver. Forest management strategies that affect the
amount and distribution of disturbed forests have the potential to affect regional or landscapelevel ET and consequently other hydrological processes and functions. Future climate in the
study region is uncertain, but because of the higher sensitivity of ET to forest change in the
moderate climate group, special focus should be on landscape forest condition and limiting high
levels of disturbance in these areas.
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5.4.5

Limitations and Future Research

This study using the Budyko framework follows the well-established assumption that the change
in annual storage is zero as well as that the factors affecting ET are in a steady state during the
defined periods, however these assumptions represent a source of uncertainty in this study.
Recent studies have shown that changes in storage are important for moderating streamflow
and ET (Liu et al., 2019) and that time varying factors can occur gradually over study periods
(Jiang et al., 2015; Zhang et al., 2020). This application focuses on long term annual mean ET,
and aggregates data into group with a minimum of 5 years to minimize the uncertainties
associated with both the storage and steady state assumptions. The choice of climate dataset
used and the method for PET calculation affects the absolute value of m and can introduce
some uncertainty when comparing estimates with other studies (Komatsu et al., 2012) (Figure
5.5).

While the calculation of ET at the annual time step was required in this thesis for the analysis of
forest carbon and water coupling, annual ET is only part of the full hydrologic picture. Analysis
of ET at the sub-annual or seasonal scale may give more information on other pertinent
hydrological variables such as low or summer flows (Gnann et al., 2019; Ning et al., 2019;
Zhang et al., 2020), or particular ET components such as interception and transpiration (Gerrits
et al., 2009). Future work could focus on extension of the mean annual ET to these other
components to help build a more complete picture of the effects of forest disturbance on ET.
However these type of exensions need to consider and test the the validity of using the Budyko
framework (Berghuijs et al., 2020; Young et al., 2019).

More research into the drivers of ET variation in the wet climate group are needed. Consistent
with other studies such as Zhou et al. (2015) who found the theoretical sensitivity of runoff ratio
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to changes in m was smaller at high P/PET values, this study did not find any relationship with
the variables tested, but other factors may be important. The importance of these wet areas in
generating peak flows for flooding means this area needs further study. While CECA has been
widely used in BC and some parts of USA as an integrated indicator of forest disturbance and
recovery, this may not be available or suitable in other regions. More studies testing and
selecting suitable indices that accurately represent dynamic vegetation change due to
disturbance and recovery, should further strengthen our understanding and assessment of how
forest change effects ET at large spatial scales. The increased availability of high-resolution
satellite data on vegetation change and alternative remote sensing indices should facilitate this
in the future.

5.5

Summary of Evapotranspiration Outcomes

This study demonstrated the regional application of a novel method of ET estimation based on
the Budyko framework that directly related the watershed parameter m in Fuh’s equation to an
index of forest change (CECA: capturing cumulative forest disturbance and recovery over space
and time), and watershed properties in three different climate groups. Independent watershedscale data was used to calibrate and validate the relationships. The validated relationships were
used to examine regional ET variations (across a region ~400,000 km2), concluding that forest
disturbance significantly decreased ET in most parts of the study region with different
hydrological sensitivities based on climatic differences.

Results from this study showed that ET in moderate climates had the highest sensitivity to forest
change, characterized by wetness index between 1 and 2 (the ratio of P to PET). ET in dry
climates (wetness index < 1) was also significantly related to CECA, but with reduced sensitivity
compared to the moderate climates. Wetter climates (wetness index > 2) did not show a
significant relationship with CECA, suggesting an insensitivity of ET to forest change. Forest
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management should consider reducing disturbance in the dry to moderate climate areas to
mitigate impacts on hydrological processes and functions. The strong dependence of the ET
response to forest disturbance means that climate groups need to be explicitly considered in the
analysis of regional-scale forest carbon and water coupling.
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Chapter 6: Regional-Scale Water Use Efficiency
6.1
6.1.1

Introduction
Importance of Water Use Efficiency

People throughout the world rely on water supplied from forested watersheds (Costanza et al.,
1997), as well as other ecosystem services and values such as timber production or carbon
sequestration (Cademus et al., 2014; Canadell and Raupach, 2008). Forest carbon and water
are coupled through the photosynthetic process and at the ecosystem level through carbon
production and associated water consumption. This coupling relationship is frequently altered by
both natural and anthropogenic forest disturbance, which has a range of important implications
for ecosystem structure, functioning and services (Chen and Coops, 2009; Farley et al., 2005;
Ferguson and Veizer, 2007; Gentine et al., 2019; Jackson et al., 2001; Roces-Díaz et al., 2021).

WUE, the ratio of carbon uptake to water use, has been commonly used as a proxy to study the
relationship between forest carbon and water in forest ecosystems. WUE has been defined in
various ways, depending on spatial scales and metrics of carbon and water uptake (Beer et al.,
2009; Irvine et al., 2004; Keenan et al., 2013; Monson et al., 2010; Niu et al., 2011; Tian et al.,
2010a; Wang et al., 2020; Zhou et al., 2018). WUE is used to evaluate the potential impacts of
climate change on food production (Hatfield and Dold, 2019; Wallace, 2000) and water supply
(Ferguson and Veizer, 2007), and to assess the effects of forest or land use management on
ecological processes (Sun et al., 2016b; Tian et al., 2010a). Absolute values of WUE are useful
for comparing between different biomes, forest types, and climates. A higher WUE means less
water is used per unit of carbon sequestered and vice versa. However, this is more indicative of
the integrated landscape characteristics (forest, climate, and topography) of a given place,
rather than providing information on the potential effects of forest change. In the context of
forest and climate change, a relative shift in the value of WUE can indicate a change in the
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carbon and water trade-off or coupling relationship. The trends or changes in WUE interpreted
together with the changes in carbon and water variables, can be used to indicate where
potential sensitivities or large changes have or may occur. Forests are generally managed for
one of the two values (i.e. maximization of forest growth for timber or carbon sequestration) and
interpretation of WUE can help to prevent unforeseen impacts to the other value (i.e. ET or
streamflow). Results can be used to guide regional-level strategies to manage for both carbon
and water (i.e. avoiding too much change in WUE in order to not jeopardize one of the values).

Among the existing studies on WUE at various spatial scales, watershed to regional-level
studies are rare, likely due to the difficulty of conducting field measurements (Jasechko et al.,
2013). In addition, a significant proportion of the research at the landscape scale focuses on
how drought or climate change affects WUE, rather than forest disturbance (Huang et al., 2015;
Keenan et al., 2013; Sun et al., 2016b).

It is well established that forest disturbance can change stand-level WUE (Clark et al., 2014),
however the majority of research into WUE after forest disturbance is at the stand level using
eddy covariance data. These studies have found that severe forest disturbance often results in
a decrease in WUE, most likely because of greater relative surface evaporation (Mkhabela et
al., 2009), while lower intensity disturbance such as insect attack or prescribed burning can also
produce a reduction or no change in WUE (Clark et al., 2014; Dore et al., 2012; Reed et al.,
2014). There is an emerging recognition that the effect of forest disturbance on WUE is variable,
depending on tree mortality, site conditions, remaining vegetation recovery, and time since
disturbance. In addition to the site level nature of most WUE experiments, another limitation is
that study periods usually concentrate on a few years following disturbance. In large watersheds
or landscapes, forest disturbances of different types accumulate over space and long periods of
time, and consequently their effects on forest carbon, water and WUE may be different.
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However, there are few studies examining the effects of long term cumulative forest disturbance
on WUE at the landscape or regional levels (Giles-Hansen et al., 2021).

With large scale forest disturbance affecting the interior of BC across a unique climatic gradient,
there is an opportunity to investigate WUE in a new context. We focus on WUE at the regional
scale, and in response to forest change, offering a unique perspective on how the forest carbon
and water relationship is affected by forest disturbance.

6.1.2

Research Questions

The main research question of this section was to quantify how the regional-level forest carbon
and water coupling relationship has been affected by cumulative forest disturbance in the
interior region of BC. Using WUE to represent the forest carbon and water coupling, the
following research hypotheses were formulated. Firstly, cumulative forest disturbance is one of
the key drivers of WUE, and that WUE decreased under significant cumulative forest
disturbance. Secondly, the effect of forest disturbance on regional-scale WUE is different to that
found in short term, stand-level studies and that the effect of cumulative forest disturbance on
WUE at the regional scale cannot be simply extracted linearly from the stand level. Thirdly, it
was hypothesized that the forest and carbon coupling relationship and the effect of forest
disturbance on WUE varies distinctively in different climates. The management implications of
these findings are discussed.

6.2
6.2.1

Methods
Calculation of Water Use Efficiency

In this study, the annual WUE was calculated as the ratio of NPP to ET in grams of carbon per
square meter per millimeter of water per year (g C m-2 mm-1 H2O year-1, abbreviated to g m-2
mm-1) (Equation 16). WUE was calculated for each year from 1950 – 2018 across the region at
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the gridcell scale. A detailed description of the methodology and analysis used to calculate NPP
is included in “Chapter 4: Regional Carbon” and ET in “Chapter 5: Regional Forest
Evapotranspiration”.

𝑊𝑈𝐸 =

𝑁𝑃𝑃
𝐸𝑇

Equation 16

Where, WUE is water use efficiency, NPP is net primary production, and ET is
evapotranspiration.

6.2.2

Trend Analysis

Consistent with the trend analysis for carbon and water variables, the non-parametric MannKendall test was implemented on pre-whitened data (Mann, 1945; Yue et al., 2002). Trend
analysis was applied separately to the reference (1950 – 1999) and disturbance (2000 – 2018)
periods to enable the detection of opposite monotonic trends in each period.

6.2.3

Drivers of Variation in Water Use Efficiency

The magnitude of change in WUE and its components (NPP and ET) was calculated using
Sen’s slope statistical analysis (Equation 17) with the ‘trend’ package in R (Pohlert, 2020). Sen’s
slope calculates the average linear rate of change (slope) in a univariate time series. Comparing
the magnitude of change in WUE to the magnitude of change of its numerator versus
denominator provides information on the relative roles of each component (El Masri et al.,
2019). The percentages of change in WUE, NPP, and ET were calculated for the reference and
disturbance periods separately.

𝐶ℎ𝑎𝑛𝑔𝑒 (%) = 100 ×

𝑦 × 𝑠
𝑚𝑣

Equation 17
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Where, y is number of years in each period, s is slope from the Sen’s slope test, and mv is the
mean value of NPP, ET, or WUE over the period.

6.2.4

Sensitivity of Water Use Efficiency to Forest Disturbance

In order to remove the possible confounding effects of climatic non-stationarity on the analysis
of WUE sensitivity to forest disturbance, two complementary approaches were adopted, the
paired year approach and Fuh’s equation with static climate.

6.2.4.1

Paired Year Approach

The paired year approach uses a subset of all years that had similar climate data. This method
has been used before in the analysis of the effects of forest disturbance on hydrological
variables such as low and high flows (Zhang et al., 2016a). For each year in the disturbance
period, the year with the most similar P and PET from the reference year was chosen as the
paired year. The years chosen from the reference years were limited to those in the previous
two decades (1980 – 1999) to minimize the potential confounding effects of large changes in
forest age class structures associated with choosing paired years that are many decades apart.
For example, if a pair of years chosen was 1951 and 2016, then much of the time between
those years could be dominated by growth. While relevant in some contexts, when focusing on
the effect of forest disturbance, this has the potential to confuse and obscure the effect of
disturbance on WUE and its components. To minimize this, we chose paired years that were
less than two decades apart. Each pair of years was further screened to have statistically
insignificant differences in P and PET (p>0.001) at the gridcell level using the two-sided
Wilcoxon signed-rank test using the ‘stats’ package in R (R Core Team, 2016). The Wilcoxon
signed-rank test is a non-parametric hypothesis test that is used to determine if two dependent
samples are from different distributions.
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This process resulted in seven pairs of years chosen (Table 6.1). A further Wilcox test using all
the paired years together confirmed that the P and PET in the resulting pairs of years cannot be
distinguished statistically as different populations (p = 0.5781 for P and p = 0.6875 for PET), and
therefore it can be assumed that the resulting differences in WUE between the two periods can
be attributed to changes in forest condition rather than climatic variation.

Table 6.1. Paired years chosen for water use efficiency sensitivity analysis
Reference

Percent difference (%)
in the mean

Disturbance

Pair

Year

P

PET

Year

P

PET

P

PET

1

1981

756 (441)

649 (93)

2006

737 (403)

653 (96)

2.5

0.7

2

1999

888 (502)

608 (95)

2008

857 (435)

609 (94)

3.5

0.2

3

1996

897 (409)

592 (95)

2011

909 (437)

590 (90)

1.3

0.3

4

1997

850 (453)

628 (93)

2012

865 (451)

635 (97)

1.8

1.0

5

1994

870 (475)

661 (98)

2013

826 (360)

655 (98)

5.1

0.8

6

1998

728 (355)

682 (104)

2015

755 (359)

680 (108)

3.7

0.3

7

1981

756 (441)

649 (93)

2018

726 (368)

651 (99)

4.0

0.4

Note: years from the reference period were chosen from 1980 – 1999, years from the disturbance period
were chosen from between 2000 – 2018, and the percent difference is calculated as the disturbance
minus reference paired year divided by the reference paired year period value, P is precipitation, PET is
potential evapotranspiration, and the values in brackets are one standard deviation around the mean by
gridcell.

Using just the subset of paired years, the sensitivity of WUE to forest disturbance was
calculated as the change in WUE (%) per unit of cumulative forest disturbance (CECA) (%) from
the reference to disturbance period, according to Equation 18. WUE sensitivity was calculated
at the gridcell scale and is relative to the average WUE in the reference period. Then the
sensitivity of WUE to forest disturbance was graphed and analyzed regionally and by climate
group. Hypothesis testing was used to determine if any visible differences in response for the
best fit linear regression models (coefficients and constants) by climate group were statistically
significant (at p<0.001). Analysis of variance (ANOVA) was used to test if inclusion of the
climate group was statistically significant.
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𝑊𝑈𝐸𝑑𝑖𝑠𝑡 − 𝑊𝑈𝐸𝑟𝑒𝑓
× 100
𝑊𝑈𝐸𝑟𝑒𝑓
𝑊𝑈𝐸 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐶𝐸𝐶𝐴𝑑𝑖𝑠𝑡 − 𝐶𝐸𝐶𝐴𝑟𝑒𝑓

Equation 18

Where, WUE is water use efficiency, CECA is cumulative clear-cut equivalent area, the
subscript ‘dist’ are the paired years in the disturbance period (2000 – 2018), and the subscript
‘ref’ are the paired years in the reference period (selected from 1980 – 1999).

6.2.4.2

Fuh’s Equation with Static Climate

In addition, to augment the results of the paired year approach, Fuh’s equation was utilized to
partition the variation in ET into that driven by either climate or forest change. First, the average
P and PET from 1950 – 2018 were calculated, thereby representing the static average climate
for the study period. These average values were then used in Fuh’s equation with m that varied
by CECA to simulate the annual ET under a constant climate but with the effects of forest
disturbance. The resulting ET was then used along with NPP to calculate WUE in the absence
of climate variability. This provided a time series of NPP, ET and WUE with the changes only
due to forest dynamics.

6.3
6.3.1

Results
Comparison of Water Use Efficiency and Components Among Climate Groups

Differences between climate groups in the average values of forest disturbance, ET and WUE
were apparent (Table 6.2). In the dry climate group, CECA increased from an average of 12% in
1999 to 42.3% in 2018. Cumulative forest disturbance increased CECA from 7.5% to 17% in the
moderate group between the same years. The wet climate group had a modest increase in
CECA from 4.5% in 1999 to 8.1% in 2018. Between climate groups, average NPP is fairly
consistent in both the reference and disturbance periods, ranging from 324 – 361 g C m-2.

145

ET decreased across the regional climate gradient from dry to wet, where the dry climate group
averaged around 420 mm and the wet climate around 330 mm. WUE ranged from 0.82 (0.1,
0.07) g m-2 mm-1 in both the dry and moderate climate groups in the reference period, to 0.86
(0.09) g m-2 mm-1 and 0.98 (0.06) g m-2 mm-1 in the dry and moderate climate groups in the
disturbance period. WUE was distinctly higher in the wet climate group 1.02 (0.05) g m-2 mm-1
and 1.07 (0.04) g m-2 mm-1, due to lower ET than in the other climatic groups.

Table 6.2. Water use efficiency and components by climate group and period
Reference

Disturbance

Dry

Moderate

Wet

Dry

Moderate

Wet

12

7.5

4.5

42.3

17

8.1

NPP

348 (31)

324 (16)

340 (12)

356 (19)

346 (2)

361 (2)

ET

429 (34)

408 (15)

333 (12)

419 (31)

379 (19)

337 (13)

WUE

0.82 (0.1)

0.82 (0.07)

1.02 (0.05)

0.86 (0.09)

0.98 (0.06)

1.07 (0.04)

CECA

Note: the reference period is from 1950 – 1999, the disturbance period is from 2000 – 2018, Cumulative
Equivalent Clear-cut Area (CECA) is calculated as the average of all gridcells at the end of each period
(1999 in the reference period and 2018 in the disturbance period), NPP is net primary production in g C
m-2, ET is evapotranspiration in mm, WUE is water use efficiency in g m-2 mm-1, and values in brackets
are one standard deviation around the mean by gridcell.

6.3.2

Trends in Regional Water Use Efficiency and Components

Regional WUE averaged 0.86 g m-2 mm-1 in the reference period and 0.94 g m-2 mm-1 in the
disturbance period. At the regional level, NPP showed a significant positive trend in the
reference period and negative trend in the disturbance period. ET did not show significant
trends in either period while WUE showed a positive trend in the reference period and no
significant trend in the disturbance period (Table 6.3).

Regional WUE significantly increased by 23% (Mann-Kendall and Sen’s slope p<0.001, Table
6.3) in the reference period (1950 – 1999). This increase was driven directly by a sustained
increase in NPP as Sen’s slope analysis showed a 22% increase in NPP (p<0.001) and no
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significant change in ET (0%, p=0.938). Contrastingly, during the disturbance period (2000 –
2018), a reduction in carbon (-8%, p<0.001) with a non-significant change in ET (-1%, p=0.780)
worked to keep WUE stable overall at the regional level (p=0.363) (Table 6.3, Figure 6.1 f). It is
useful to note that the magnitude (-8%) of reduction in carbon was greater than that in ET (-1%),
suggesting that ET was more resilient to forest disturbance than NPP at the regional level.

Table 6.3. Regional Mann-Kendall trend test and Sen’s slope results by period

Variable

Av. (sd)

Reference
MK pTau
val

Δ
%

SS pval

Av. (sd)

Disturbance
MK pTau
val

Δ
%

SS pval

NPP

338 (22)

0.991

0.000

22

0.000

353 (9)

-0.895

0.000

-8

0.000

ET

405 (21)

-0.016

0.880

0

0.938

391 (21)

-0.033

0.880

-1

0.780

0.86 (0.08)

0.548

0.000

23

0.000

0.94 (0.05)

-0.098

0.596

-4

0.363

WUE

Note: Av. (sd) is the average value and one standard deviation of the variable around the mean by
gridcell, Tau is the Mann-Kendall Tau that indicates the direction and strength of the trend, MK p-val is
the Mann-Kendall p-value, Δ % is the average percentage change across the period (calculated from
Equation 17 using the Sen’s slope linear rate of change), SS p-val is the p-value from Sen’s slope
analysis, results were considered significant at a p-value of 0.001 (bold italics) for both the Mann-Kendall
and Sen’s slope tests, NPP is net primary production in g C m-2, ET is evapotranspiration in mm, and
WUE is water use efficiency in g m-2 mm-1.
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Figure 6.1. Average regional trends in water use efficiency and key components
Note: CECA is cumulative equivalent clear-cut area, ET is evapotranspiration, NPP is net primary
production, P is precipitation, PET is potential evapotranspiration, WUE is water use efficiency, and
dashed lines with grey shading are the smoothed mean and 95% confidence intervals around each the
annual variable, calculated using loess smoothing.
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6.3.3

Trends in Water Use Efficiency by Climate Group

Trend analysis revealed that WUE had a contrasting response in the disturbance period by
climate group (Figure 6.2). In the reference period, the magnitude and trend of WUE was very
similar in the dry and moderate climate groups. WUE averaged 0.82 (0.1) g m-2 mm-1 with an
increase of 26% in both the dry and moderate groups (p<0.001) (Table 6.4). However, in the
disturbance period, WUE continued to increase in the moderate climate group (14%, p=0.004),
while it decreased in the dry climate group (-19%, p=0.030). The dry and moderate climate
groups cover the majority of the region at 53% and 37%, respectively, meaning that the
contrasting responses between the two main climate groups stabilized WUE at the regional
level during the disturbance period (Figure 6.1).

The dry climate group had the highest disturbance rate (CECA > 40% in 2018), and therefore
the reduction in NPP was very severe in the disturbance period (-17%, p<0.001, Table 6.4). In
comparison, in the moderate climate, CECA averaged ~15% in 2018 and the NPP reduction
was much less in the disturbance period (-1%, p=0.108). Conversely, the response of ET to
forest disturbance by climate group were opposite. The reduction in ET was larger and
significant in the moderate climate group (-9%, p=0.017), while a statistically insignificant trend
in the dry group was found. This indicated that it was not only the absolute amount of forest
disturbance that affected WUE, but also the relative hydrological sensitivities of different climate
groups affected the ET response. Thus, the interaction of forest disturbance and climate groups
stabilized WUE at the regional scale.

Low levels of forest disturbance in the wet climate group (average CECA of ~5% in 2018), lead
to NPP continuing to increase slightly but statistically significantly in the disturbance period (2%,
p<0.001). There was no significant trend in the wet climate group ET in the disturbance period
(4%, p=0.184), leading to no significant change in WUE (-3%, p=0.576).
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Figure 6.2. Trends in water use efficiency and key components by climate group
Note: CECA is cumulative equivalent clear-cut area, ET is evapotranspiration, NPP is net primary
production, P is precipitation, PET is potential evapotranspiration, and WUE is water use efficiency.
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Table 6.4. Mann-Kendall trend test and Sen’s slope results by climate group and period

Var.

Climate
group
Av. (sd)

NPP

ET

WUE

Reference
MK pTau
val

Δ
%

SS pval

Av. (sd)

Disturbance
MK pTau
val

Δ
%

SS p-val

Dry

348 (31)

0.993

<0.001

29

<0.001

356 (19)

-0.908

<0.000

-17

<0.001

Moderate

324 (16)

0.972

<0.001

17

<0.001

346 (2)

-0.464

0.008

-1

0.108

Wet

340 (12)

0.975

<0.001

12

<0.001

361 (2)

0.634

<0.000

2

<0.001

Dry

429 (34)

0.030

0.769

3

0.443

419 (31)

0.046

0.820

2

0.889*

Moderate

408 (15)

-0.300

0.003

-6

0.001

379 (19)

-0.451

0.010

-10

0.008

Wet

333 (12)

0.110

0.274

3

0.096

337 (13)

-0.033

0.880

4

0.184

Dry

0.82 (0.1)

0.401

<0.001

26

<0.001

0.86 (0.09)

-0.346

0.049

-19

0.030

Moderate

0.82 (0.07)

0.722

<0.001

26

<0.001

0.98 (0.06)

0.503

0.004

14

0.004

Wet

1.02 (0.05)

0.335

0.001

10

<0.001

1.07 (0.04)

0.163

0.363

-3

0.576

Note: Av. (sd) is the average value and one standard deviation of the variable around the mean by
gridcell, Tau is the Mann-Kendall Tau that indicates the direction and strength of the trend, MK p-val is
the Mann-Kendall p-value, Δ % is the average percentage change across the period (calculated from
Equation 17 using the Sen’s slope linear rate of change), SS p-val is the p-value from Sen’s slope
analysis, results were considered significant at a p-value of 0.001 (bold italics) for both the Mann-Kendall
and Sen’s slope tests, NPP is net primary production in g C m-2, ET is evapotranspiration in mm, and
WUE is water use efficiency in g m-2 mm-1.

* Note that the positive (but insignificant at a p-value of 0.001) ET trend calculated for the
disturbance period in the dry group was due to the year 2000 having especially low ET which
skews the Sen’s slope calculation. If the slope was taken before this dip, ET showed a negative
trend. For example, from 1995 – 2018, Sen’s slope analysis showed a -7.7% change in ET
although it was statistically insignificant (p=0.224). Similarly, from 2005 – 2018, Sen’s slope
analysis showed a reduction in ET (-3.3%, p=0.661).

6.3.4

The Effects of Cumulative Forest Disturbance on Water Use Efficiency

Fuh’s equation (the ET calculation) was updated to include average climate values (long term
P/PET) with variable m based on the relationship with CECA established in Chapter 5,
representing ET and WUE dynamics from just forest change under a static climate. The updated
ET and WUE time series were used to provide further information on the levels of forest
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disturbance that create a change in the forest carbon and water coupling relationship at the
regional scale (Figure 6.3).

Annual variations in WUE were driven by the variability of climate input data (P and PET),
whereas long term trends were largely driven by forest change, as shown by the general
convergence between the solid thick black lines (disturbance driven WUE) and the overall
trends of WUE with variable climatic input data (dashed lines) in Figure 6.3.

Figure 6.3. Disturbance driven water use efficiency (after removing the effect of variable climate
inputs) for the region and by climate group
Note: WUE is water use efficiency, thick black solid lines are disturbance driven WUE, thin lines are
annual WUE with climate variability, and dashed lines with grey shading are the smoothed mean and
95% confidence intervals around annual WUE with variable climate inputs, using loess smoothing.
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6.3.5

Sensitivity of Water Use Efficiency and Components to Cumulative Forest

Disturbance Based on the Paired Year Approach
The paired year approach was used to select years with similar climate in the reference and
disturbance periods, thereby removing the climatic effects, while allowing the changes in ET and
WUE to be attributable to cumulative forest disturbance (CECA). Hypothesis tests were used to
determine if the differences by climate group that are visible in Figure 6.4 were statistically
significant for the coefficients and constants of the best fit regression models (Table 6.6, Table
6.7, and Table 6.8). Sensitivity to CECA and results of hypothesis testing for NPP, ET, and
WUE are summarized in Table 6.5.

NPP: Normalized by CECA, as forest disturbance increased, NPP decreased (Figure 6.4 a).
The reduction in NPP per unit increase in CECA varied between climate groups from 0.58 g C
m-2 in the moderate climate to 1.0 g C m-2 in the dry climate group (Table 6.5), indicating a
higher sensitivity of NPP to forest disturbance in the dry climate compared to the moderate
climate group. However, the range of change in CECA values was much higher in the dry
climate (where the maximum change in CECA was 99%, compared to just over 50% in the
moderate climate), which may affect the relative slopes of the simple linear regressions. This
was because the 2017/18 wildfires burned predominantly in the dry climate group where large
contiguous areas were affected.

Hypothesis testing revealed a significant relationship between the change in CECA and change
in NPP in the dry and moderate climate groups (p<0.001), and an insignificant relationship in
the wet climate group (p=0.0209, Table 6.5 and Table 6.6). Additionally, there were significant
differences in the response of NPP (intercept and slope of the regression line) between the dry
and moderate climates as shown by p<0.001 for ‘moderate’ (intercept) and ‘CECA change *
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moderate’ (slope) compared to the dry group which was the baseline for comparison in the
hypothesis tests.

ET: In contrast to NPP, the differences between climate groups response to cumulative forest
disturbance were apparent in both ET and WUE (Figure 6.4 b and c, Table 6.5). The
relationship between ET and CECA was negative for moderate climates (-1.07 mm per %
CECA, p<0.001, Table 6.5), but insignificant for dry and wet climates (p=0.495 and p=0.886).
The significant differences in the slope of the moderate climate group (-1.07) were confirmed
with hypothesis testing (Table 6.7).

WUE: A significant negative relationship between the change in WUE and change in CECA was
found in the dry climate group (slope= -1.01, p<0.001) and wet climate group (slope= -0.74,
p=0.00717 and p=0.00074 for intercept and slope in Table 6.5 and Table 6.8). In contrast, a
significant positive relationship was found in the moderate climate group (slope=1.73, p<0.001).
The direction (i.e. positive or negative) and magnitude of change in WUE from disturbance was
determined by the relative changes in NPP versus ET. The relative sensitivity of WUE to forest
disturbance varied by climate group. In the dry climate group, the sensitivity of NPP was higher
than ET per unit of CECA, so WUE decreased with forest disturbance. Whereas in moderate
climates the sensitivity of ET was higher than NPP per unit of CECA, so WUE increased with
forest disturbance.

The contrasting responses in WUE to cumulative forest disturbance suggests that it is critical to
consider the interactions between climate and forest disturbance for WUE and its response to
forest disturbance. In this study region, because of these contrasted responses in the two main
climate groups, WUE was stabilized at the regional scale despite significant forest disturbance.
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In addition, all testing results based on the paired year approach were consistent with the
results of the trend analysis using all years shown in Figure 6.3.

Figure 6.4. Sensitivity of water use efficiency and components to forest disturbance by climate
group based on the paired year approach
Note: the change in value is calculated as the disturbance minus reference paired years, divided by the
average reference value across just the paired years, NPP is net primary production, ET is
evapotranspiration, WUE is water use efficiency, and CECA is cumulative equivalent clear-cut area.
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Table 6.5. Sensitivity of water use efficiency and components to cumulative forest disturbance
based on the paired year approach
Variable

NPP

ET

WUE

Intercept
p-val
<0.001

Slope
p-val
<0.001

NPP change=3.94 – 0.58 * CECA change

<0.001

<0.001

Wet

NPP change=6.7 – 0.73 * CECA change

0.0209

<0.001

Dry

ET change= -1.28+0.01 * CECA change

<0.001

0.4955

Moderate

ET change= -0.53 – 1.07 * CECA change

0.1421

<0.001

Wet

ET change= -0.15+0.01 * CECA change

0.1119

0.8865

Dry

WUE change=10.66 – 1.01 * CECA change

<0.001

<0.001

Moderate

WUE change=1.73+1.22 * CECA change

<0.001

<0.001

Wet

WUE change=6.9 – 0.74 * CECA change

0.0072

0.0007

Climate group

Equation

Dry

NPP change=8.75 – 1 * CECA change

Moderate

mm-2,

Note: NPP is net primary production in g C
ET is evapotranspiration in mm, WUE is water use
efficiency in g m-2 mm-1, CECA is cumulative equivalent clear-cut area in %, and bold indicates significant
difference for that climate group in intercept or slope from ANOVA at p<0.001.
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Table 6.6. Hypothesis testing and ANOVA results for sensitivity of net primary production by
climate group based on the paired year approach
lm(NPP change ~ CECA change * climate group)
Estimate
Intercept

Std. Error

t value

p-value

8.74826

0.36927

23.691

<0.001

CECA change

-0.99522

0.01108

-89.803

<0.001

Moderate

-4.80656

0.63854

-7.527

<0.001

Wet

-2.05299

0.8885

-2.311

0.0209

CECA change * Moderate

0.41286

0.03352

12.315

<0.001

CECA change * Wet

0.26027

0.05023

5.182

2.32E -07

RSE

11.09

Adj. R2

0.7317

p-value

<0.001

Equations by climate group
Dry

NPP change=8.75 – 1 * CECA change

Moderate

NPP change=3.94 – 0.58 * CECA change

Wet

NPP change=6.7 – 0.73 * CECA change

ANOVA
Model 1: NPP change ~ CECA change
Model 2: NPP change ~ CECA change * climate group
Res. Df

RSS

3655

471141

3651

448992

SS

F

p-value

22149

45.027

<0.001

Note: lm() indicates the form of the linear regression model, NPP is net primary production and NPP
change is the difference from the reference to the disturbance period calculated as a percentage of the
average in the reference period (%), ‘CECA change’ is the change in cumulative equivalent clear-cut area
from the reference to disturbance period (%), the base group for comparison is the dry climate group, Std.
Error is the standard error, RSE is root square error, Adj. R2 is the adjusted R2, ANOVA is the analysis of
variance table, Res. Df is the residual degrees of freedom, RSS is the residual sum of squares, SS is the
sum of squares, F is the F-statistic, and p-values are significant if <= 0.001 as indicated in bold italics.
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Table 6.7. Hypothesis testing and ANOVA results for sensitivity of evapotranspiration by climate
group based on the paired year approach
lm(ET change ~ CECA change * climate group)
Estimate
Intercept
CECA change

Std. Error

t value

p-value

-1.275101

0.294776

-4.326

<0.001

0.00603

0.008847

0.682

0.496

Moderate

0.748415

0.509731

1.468

0.142

Wet

1.127768

0.709268

1.59

0.112

-1.077052

0.026762

-40.246

<0.001

0.005725

0.040096

0.143

0.886

CECA change * Moderate
CECA change * Wet
RSE

8.853

Adj. R2

0.497

p-value

<0.001

Equations by climate group
Dry

ET change= -1.28+0.01 * CECA change

Moderate

ET change= -0.53 – 1.07 * CECA change

Wet

ET change= -0.15+0.01 * CECA change

ANOVA
Model 1: ET change ~ CECA change
Model 2: ET change ~ CECA change * climate group
Res. Df

RSS

3655

569426

3651

286118

SS

F

p-value

283308

903.79

<0.001

Note: lm() indicates the form of the linear regression model, ET is evapotranspiration and ET change is
the difference from the reference to the disturbance period calculated as a percentage of the average in
the reference period (%), ‘CECA change’ is the change in cumulative equivalent clear-cut area from the
reference to disturbance period (%), the base group for comparison is the dry climate group , Std. Error is
the standard error, RSE is root square error, Adj. R2 is the adjusted R2, ANOVA is the analysis of variance
table, Res. Df is the residual degrees of freedom, RSS is the residual sum of squares, SS is the sum of
squares, F is the F-statistic, and p-values are significant if <= 0.001 as indicated in bold italics.
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Table 6.8. Hypothesis testing and ANOVA results for sensitivity of water use efficiency by climate
group based on the paired year approach
lm(WUE change ~ CECA change * climate group)
Estimate

Std. Error

t value

p-value

Intercept

10.66142

0.58115

18.345

<0.001

CECA change

-1.00831

0.01744

-57.812

<0.001

Moderate

-8.92992

1.00493

-8.886

<0.001

Wet

-3.76194

1.39832

-2.69

0.007171

CECA change * Moderate

2.23289

0.05276

42.321

<0.001

CECA change * Wet

0.26694

0.07905

3.377

0.000741

RSE

17.45

Adj. R2

0.6471

p-value

<0.001

Equations by climate group
Dry

WUE change=10.66 – 1.01 * CECA change

Moderate

WUE change=1.73+1.22 * CECA change

Wet

WUE change=6.9 – 0.74 * CECA change

ANOVA
Model 1: WUE change ~ CECA change
Model 2: WUE change ~ CECA change * climate group
Res. Df

RSS

3655

2036530

3651

1112078

SS

F

p-value

924453

758.75

<0.001

Note: lm() indicates the form of the linear regression model, WUE is water use efficiency and WUE
change is the difference from the reference to the disturbance period calculated as a percentage of the
average in the reference period (%), ‘CECA change’ is the change in cumulative equivalent clear-cut area
from the reference to disturbance period (%), the base group for comparison is the dry climate group, Std.
Error is the standard error, RSE is root square error, Adj. R2 is the adjusted R2, ANOVA is the analysis of
variance table, Res. Df is the residual degrees of freedom, RSS is the residual sum of squares, SS is the
sum of squares, F is the F-statistic, and p-values are significant if <= 0.001 as indicated in bold italics.
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6.4

6.4.1

Discussion

Comparison of Water Use Efficiency Among Climate Groups

When comparing WUE between geographic areas, studies have shown that WUE is largely
controlled by climatic factors such as T, P, and their influence on vegetative characteristics such
as growing season, and transpiration limitations (Brümmer et al., 2012; Sun et al., 2016b; Xiao
et al., 2013). Results from this study showed significant differences in WUE values between
climate groups (Table 6.2). The overall regional average annual WUE was calculated as 0.86
(0.08) g m-2 mm-1 and 0.94 (0.05) g m-2 mm-1 in the reference and disturbance periods
respectively. This ranged from 0.82/0.85 g m-2 mm-1 in the dry climate group, 0.83/0.98 g m-2
mm-1 in the moderate climate group to 1.03/1.05 g m-2 mm-1 in the wet climate group (Table 6.3,
Table 6.4). In general, WUE increased across the regional climate gradient from dry to wet.
While values of NPP did not vary significantly between groups, the higher WUE values found in
the wet climate group were largely due to lower ET. Here lower annual T limits the growing
season and forest ET despite high annual P. Values of WUE between the dry and moderate
climate groups are fairly consistent, indicating that total water use was similar. However species
and structural differences may result in mechanistic differences of water use at the sub-annual
scale (e.g. evaporative fraction, seasonality of water use) that are not apparent at the annual
time scale (Irvine et al., 2004).

Direct comparisons with WUE values from other studies are difficult, as many are either based
on other measures of carbon uptake such as GPP, or NEP, rather than NPP, measurements
from the growing season only, or taken in different climates or land covers than this study.
However, the values of WUE that were calculated in this study (approximately 0.8 – 1.0 g m -2
mm-1) are similar to those calculated for forests across the southern United States of America
(USA) (0.93 g C kg-1 H2O) (Tian et al., 2010a), or growing season based values in European
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temperate evergreen conifer forests (~0.95 g C m-2 kg-1 H2O) (Kuglitsch et al., 2008), even
though the biomes and climates are very different. A study in North Eastern China found annual
WUE (calculated as NPP/ET) was in the range of 0.46 – 1.10 g m-2 mm-1 H2O (Li et al., 2019).
This study contributes to the literature by quantifying the range of NPP based WUE estimates in
north American sub-boreal forests.

6.4.2

Trends in Regional Water Use Efficiency and Cumulative Disturbance

This study showed that during the reference period, regional WUE significantly increased by
23%, and this was directly related to a sustained increase in NPP. This is consistent with Tian et
al. (2010a) who found that NPP drove a 25% increase in WUE from 1895 – 2007 across the
USA as ET remained stable. Other process-based modeling studies have shown a long term
growth enhancement due to climate change (Peng et al., 2014; Wu et al., 2014), meaning that
the 23% increase in WUE calculated in this study in the reference period may be
underestimated.

Other time trend studies of WUE at large scales have mainly focused on the effect of changing
climate through time (El Masri et al., 2019; Huang et al., 2015; Jiang et al., 2019; Keenan et al.,
2013; Keenan et al., 2016; Liu et al., 2017b; Tian et al., 2010a). For example, global modeling
studies have found increases in WUE attributable to partial stomata closure from increased
atmospheric CO2 concentration (Keenan et al., 2013), as well as positive effects of climate
change and nitrogen deposition (El Masri et al., 2019; Huang et al., 2015). Unexpectedly, with
high levels of cumulative forest disturbance in the 2000s, rather than causing a reduction in
WUE as would be normally expected from stand-level WUE studies after disturbance (Irvine et
al., 2004; Jassal et al., 2009; Meyer et al., 2017; Mkhabela et al., 2009), regional WUE
remained steady in this study. The apparent stabilization of WUE was likely caused by offsetting
effect between increased WUE in moderate climates and decreased WUE in dry climates.
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The factors that affect WUE through time are specific to the area, scale and time studied. This
study found that cumulative forest disturbance or long term forest dynamics played an important
role in both carbon and water variables and consequently WUE changes at the regional scale
across multiple decades. The majority of WUE studies are at short time intervals (sub-daily to
monthly) and are either at the site level or at continental or global scales (Beer et al., 2009; Gao
et al., 2014; Gentine et al., 2019; Kuglitsch et al., 2008; Skubel et al., 2015; Sun et al., 2016b;
Vickers et al., 2012). Although regional studies on WUE are limited, our results are overall
consistent with major findings from other regional or provincial scale time trend WUE studies in
other areas. For example Li et al. (2019) found that differences in forest type and age class
caused by forest disturbance and recovery were key variables in the trade-off between carbon
and water in a provincial-level study in north eastern China. In addition, stand-level studies have
also found age related differences in how forested ecosystems partition water, which are
attributable to differences in forest canopy structure and functioning of tree and other ecosystem
species (Irvine et al., 2004; Monson et al., 2010; Vickers et al., 2012). To accurately predict the
carbon and water relationship across a region and through time, these age related differences
or forest dynamics have to be considered (Irvine et al., 2004).

6.4.3

Contrasted Sensitivity of Water Use Efficiency to Cumulative Forest Disturbance

by Climate Group
The results of sensitivity analysis in this study clearly indicate that the change in WUE to forest
disturbance was not only dependent on the amount of disturbance, but the interaction with the
type of climate in which it occurred. In the dry climate group, WUE declined (-20%) with severe
forest disturbance, driven by a dramatic decrease in NPP. In contrast, in moderate climates
within the study region, WUE increased (+12%) with increased CECA (Figure 6.2). This
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unexpected increase in WUE with increased forest disturbance was due to a higher relative
sensitivity to forest disturbance of ET than NPP.

A limitation of this type of statistical modeling is that it does not fully explore the mechanisms
behind identified trends, changes or differences, leaving the interpretation of results to be
somewhat speculative.The higher resilience of NPP to forest disturbance in the moderate
climate group could be due to a number of factors or characteristics of the climate and
ecosystems in this climate group. The ecosystems are warmer than in the wet climate group
and not as water limited as in the dry climate group, leading to higher productivity forests that
grow and recover faster on average after disturbance. The topography in the moderate climate
group is more varied, which also translates to more diverse ecosystem types, a greater mix of
tree species (at both the stand level and across the landscape), and a disturbance footprint
made up of a combination of disturbance types. The higher diversity of forest ecosystems, tree
species, topography and disturbance types might cause NPP to be more resilient to forest
disturbance, and consequently produce an increase in WUE with forest disturbance in the
moderate climate group.

Biometric plots after MPB disturbance have shown that understory vegetation is less common in
the MS BEC zone that overlaps with the dry climate group in this study (Vyse et al., 2009).
Therefore if understory were explicitly modelled in this study, it would likely further increase the
resilience of NPP to forest disturbance, especially in the moderate climate group compared to
the dry. Similarly, the other previously identified limitation in the NPP calculation, the climate
change driven growth enhancement, would also increase the resilience of NPP to forest
disturbance. Additionally, there is no evidence to suggest that there would be differences in the
direction of this uncertainty between the moderate and dry climate groups, so we regard our
findings and conclusions robust to this source of uncertainty.
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The finding of increased WUE with increased forest disturbance in the moderate climate group
is also caused by a higher sensitivity of ET to forest disturbance (relative to NPP). Process wise,
this could be explained by a high fraction of total ET being associated with transpiration in
dense productive forests. This therefore could lead to a larger reduction in total ET with forest
disturbance. In the dry climate, trees are generally more spaced out and the T and atmospheric
evaporative demand is higher, causing a higher fraction of ET to be likely evaporated
comparatively. Therefore, in dry climates the reduction in transpiration from forest disturbance
likely caused a relatively lower reduction in total ET, and thus lower sensitivity of ET to forest
disturbance (Brümmer et al., 2012).

Another possible mechanism to explain the differences between the moderate and dry climate
response is that the vegetation found in dry climates may be more adapted to take advantage of
periods of wetness in an otherwise dry climate and may be able to utilize any increase in soil
moisture caused by disturbance. In addition, the topography is flatter and more rolling in the dry
climate areas, which could allow more retention of water for ET and lower sensitivity to forest
disturbance. Certain aspects of the snow regime, seasonality of forest productivity, canopy
interception, understory, or forest structure differences between the dry and moderate groups
could also contribute to the lower sensitivity in the dry areas. Thus, the finding of lower
sensitivity is likely caused by many vegetative, climatic, and topographic differences that interact
to produce the effect of higher comparative ET resilience to forest change.

The finding of reduced WUE with forest disturbance in the dry climate group is consistent with
results from many stand-level studies investigating WUE after forest disturbance (Clark et al.,
2014; Jassal et al., 2009; Meyer et al., 2017), and their conclusions that the reduction in carbon
uptake was larger than the reduction in ET (Jassal et al., 2009). Other studies have shown that
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in areas with substantial understory vegetation, or a low severity of disturbance, forest
disturbance may not result in any change in WUE (Clark et al., 2014; Reed et al., 2014).

We are unaware of any stand-level studies that have reported a sustained increase in WUE with
increased forest disturbance. However, many of these studies are limited in their time frame and
spatial scope, often using the eddy covariance method for one or a few sites, only for a few
years after a transformative disturbance. This study investigated the cumulative effect of forest
disturbance over a long period of time, and over large areas, meaning that the effects of forest
recovery and diversity were included here while they were not included in other studies. A
watershed-scale study in the Chilcotin watershed found that WUE increased by 19% with high
levels of forest disturbance, due to the resilience of NPP and larger decrease in ET (GilesHansen et al., 2021). This finding is consistent with the result from the moderate climate group
in this study, of which the Chilcotin watershed is partially within. The contrasted responses of
WUE to cumulative forest disturbance in large watersheds or the regional scale suggested that
spatial scales are important for driving WUE dynamics.

6.4.4

Climate and Forest Disturbance Interact to Affect Water Use Efficiency

Previous studies have found that spatial and temporal variations in WUE are affected by climatic
factors (T, P, and growing season length) (Gao et al., 2014; Li et al., 2019; Sun et al., 2016b)
and vegetation types (forest type, age, density) (Brümmer et al., 2012; Li et al., 2019; Yu et al.,
2008). However, they have not looked at the interactions between these factors and forest
disturbance. Wang et al. (2020) highlighted the importance of year-to-year variation in weather
in the response to disturbance, finding that thinning did not affect WUE in a normal climatic
year, but did in a drought year. Our study indicated that WUE was strongly affected by both
forest change, climatic conditions, and their interactions. These results add to the body of
literature on WUE to improve our collective knowledge of how WUE changes with forest
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disturbance across large spatial scales, and reinforces the idea that studies of WUE must
include appropriate representations of climate, disturbance, and their interactions (Tian et al.,
2010a). Differences in climate may also help to explain differences in the literature for how
stand-level WUE responds to disturbance.

6.4.5

Management Implications

Changes in the values of WUE point to decoupling or coupling in the carbon and water cycles
and can provide useful information on changes in ecological processes and functions (Reed et
al., 2014; Yu et al., 2008). In this study, we found that forest carbon and water coupling or WUE
can be sustained at the regional level, as shown by consistent and increasing WUE in the
reference years, and relative stability in the disturbance period. This indicates that and there
may be a (lower) level of forest disturbance that can sustain dual ecosystem services of carbon
sequestration and water conservation.

Increasingly, WUE is being used as a cross biome indicator of ecosystem resilience to drought,
at the global scale (Ponce-Campos et al., 2013), and at the basin scale across India (Sharma
and Goyal, 2018) and is being used to support irrigation or forest management strategies in arid
regions (Zhou et al., 2018). In the study region, long term average WUE values increased
across a climate gradient from dry to wet, and so the WUE (trade-off between forest water use
and carbon uptake) was more efficient in these areas. Forest management strategies that seek
to maximize carbon sequestration should therefore preferentially be located in these wetter
areas with higher WUE in order to minimize the potential impact on ET and therefore
streamflow.

The differences in sensitivity of WUE between the dry and moderate climate groups point to
differences in the trade-off between carbon and water with forest disturbance, and consequently
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different focuses for forest management activities that are centered around disturbance (e.g.
harvesting strategies). In the dry group, the NPP term in the WUE equation was more sensitive
to forest disturbance, suggesting that carbon dynamics are more of a concern for future forest
management in these areas. The WUE in the moderate climate group was found to have a
higher sensitivity to ET with forest disturbance, so future impacts to hydrological processes may
be more of a focus or concern in these moderate climates. The finding from this study that WUE
resiliency or sensitivity depended on the interactions between forest disturbance and climate
highlights that future modelling and assessment of forest carbon and water coupling must
consider both climate and forest dynamics as well as their interactions. With future climates
predicted to shift in the future, a complete characterization of how this relationship may change
is important to consider.

6.4.6

Limitations and Future Research

Assessment of the response of WUE with severe forest disturbance was limited due to data
constraints in the wet climate group (discussed in detail in the ET chapter, in section 5.4.5
Limitations and Future Research) and more work is required in the future in the area.

Future studies on forest disturbance and WUE should also consider the effects of climate
change on WUE in conjunction with the effects of forest disturbance. Studies investigating long
term trends in WUE under the effect of climate change have mixed results. Those looking at leaf
or tree intrinsic WUE have often found an increase that is attributed to CO2 fertilization or other
climate factors (Huang et al., 2015; Keenan et al., 2013). Other studies found a decreasing
WUE trend in forest biomes, or over the few last decades, compared to the decades before (El
Masri et al., 2019; Jiang et al., 2019; Tian et al., 2010a). There are important regional
differences to the general trends, and studies using process-based models sometimes showed
divergent responses (El Masri et al., 2019; Huang et al., 2015). The potential growth
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enhancement effects of long term climate change were not included in the NPP calculation,
thereby possibly underestimating NPP. Although climatic variables were included in the
calculation of ET and thus WUE, the relative role of climate change and forest disturbance in
WUE variation was not explicitly separated out. This should be a future research priority,
particularly with regard to the potential impacts of future climate change. Incorporation of full
process-based ecohydrological modeling would allow the mechanisms behind the change in
WUE to be parsed out, reducing the speculative nature of explaining the ‘why’. Independent
sources of watershed-scale NPP and ET validation are also areas of high priority.

6.5

Summary of Water Use Efficiency Outcomes

This study developed and implemented a process to estimate regional NPP, ET and WUE in a
manner that explicitly considered the effect of forest disturbance and climate variability. The
overall framework placed the effects of forest change in the larger hydrologic context of climatic
gradients and variations in the interior BC region.

Trends over the last 60 plus years in WUE and its components were calculated and explored
using time trend and sensitivity analyses at the regional scale and in distinctive sub-regional
climate groups. Regional WUE increased by 23% in the reference period, driven by sustained
increase in NPP, suggesting that a steady and increasing relationship between forest carbon
and water at the regional scale was maintained under low levels of forest disturbance. Regional
WUE in the disturbance period was relatively stable, which is the opposite of WUE after
disturbance at the stand level. This is consistent with our hypothesis of regional scale resiliency
when considering dynamics, interactions, and offsetting effects associated with an entire region.
The high resilience of WUE in the disturbance period was caused by divergent WUE trajectories
in the dry and moderate climate groups. Different sensitivities of NPP and ET to CECA drove
the WUE to decrease in the dry climate group but increase in the moderate climate group.
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These opposite responses of WUE to forest disturbance in the moderate (positive response)
and dry climate groups (negative response) led to an offsetting effect and consequently
stabilization of WUE the regional level.

In the moderate climate group, ET was more sensitive to cumulative forest disturbance than
NPP, so WUE increased with increased CECA. How forest disturbance and recovery might
affect water use is of the highest concern. Contrastingly, in the dry climate group, severe forest
disturbance has caused large dramatic decrease in NPP, and less of a decrease in ET, which
caused WUE to decline with increased forest disturbance. With forest disturbance, carbon
dynamics are more of a concern in the future in these dry areas. The contrasted responses in
WUE to cumulative forest disturbance suggested that it is critical to consider the interaction
between forest disturbance and climate in assessing and modeling the forest carbon and water
relationship. The response of WUE to severe forest disturbance is data limited in the wet climate
group and more work is required in the future.
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Chapter 7: Conclusions, Limitations, and Future Research

7.1

Conclusions

The collective scientific focus of how forest disturbance affects carbon, water, and their coupling
relationship has largely concentrated on stand level responses in the few years after
disturbance. This has left a significant knowledge gap about how cumulative forest disturbance,
with integrated processes of disturbance and recovery, affects carbon, water, and their
relationship across large landscapes and longer time frames. Carbon sequestration and water
provisioning are two key ecosystem services provided by forests and knowledge of their
couplings and trade-offs at the regional scale is a prerequisite for effective climate change and
forest management strategies. With continued climate change and other anthropogenic
pressures on forested ecosystems, increased cumulative forest disturbance is likely to occur in
the future. This study took advantage of the severe cumulative forest disturbance that has
occurred in the 2000s in the interior of BC, as well as long term climate, hydrology, and detailed
forest disturbance data that exists across the region. Some well applied models (the Canadian
CBM-CFS3 and Fuh’s equation), along with our innovative method (linking parameter m in
Fuh’s equation with CECA and other landscape characteristics) were used to estimate carbon
and water dynamics. We constructed time series of ET, NPP, and WUE at the regional scale, to
investigate changes through time and differences in the relationship across climatic and
disturbance type categories. The following sections summarize the key conclusions drawn from
this work.

7.1.1

Severe Cumulative Forest Disturbance Drives Regional Carbon Emissions

The results from this study confirm that the MPB epidemic of the early 2000s caused significant
regional carbon emissions, estimated at 242 (25) Mt C from 2000 – 2018. Rh and decay from
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MPB impacted stands will continue to emit carbon into the future. Additionally, the intense
wildfire seasons in 2017 and 2018 caused large pulses of carbon to be emitted: 70 (6) Mt C in
just two years in the study area. Sustained and elevated levels of harvest have transferred 154
(14) Mt C from the ecosystem to harvested wood products and emitted an estimated 342 (27)
Mt C to the atmosphere from 2000 – 2018.

Of the disturbances that were modelled, wildfires were uniquely shown to cause large
fluctuations in annual carbon emissions, creating large carbon sources. The findings from this
study have implications to local, provincial, and national strategies that are looking to limit
atmospheric GHG concentrations and use forests to offset anthropogenic carbon emissions.
This study shows that the central interior’s forests have emitted large quantities of carbon in the
last 15 years, which will make it more difficult to limit global T increases to below 1.5 – 2.0 0C as
committed to in the Paris Agreement.

7.1.2

Sustained Carbon Source from the Interior’s Regional Forests

The cumulative footprint of these three main types of disturbance have caused the region’s
forests to stay a net carbon source since 2003, as indicated by negative regional NBP, with
wildfires being the main driver of years with large emissions. Regional NBP averaged -15.6 (4.1)
g C m-2 year-1 in the years of high MPB disturbance from 2003 – 2016. Recovery of the region’s
carbon balance from MPB has been delayed by the recent wildfires, with an average NBP of 97.9 (8.6) g C m-2 year-1 in 2017 and 2018. The cumulative nature of forest disturbances played
and will likely continue to play an important role in the region’s ongoing net carbon balance.

Future natural disturbances such as wildfires are variable and difficult to predict, however it is
clear that climate driven forest disturbances will be intensified and consequently change the
forest carbon balance in the short to mid term, by lower carbon stocks and increasing emissions
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in higher latitude forests (Bowman, 2020; Dieleman et al., 2020; Kurz et al., 2008b). This past
and continued source of significant emissions should be considered within the global climate
models that are used to make long term climate predictions. The increased risk of disturbance
should be realistically considered in the application of forest carbon offset protocols and
projects, and those looking towards forests as a climate change mitigation tool. Canada’s
federal target of Net-Zero Emissions by 2050 and the role of BC’s forests as nature-based
carbon solutions may need to be refined given that the interior forests will likely be an ongoing
carbon source. Similarly, BC’s provincial CleanBC 2030 targets and forest carbon strategy
should be developed recognizing the significant likely emissions under status quo forest
management and consider alternative strategies to minimize emissions (e.g. focusing on
reducing wildfire risk and increasing species diversity and resilience in key areas).

7.1.3

Severe Forest Disturbance Reduced Carbon Sequestration Capacity

Cumulative forest disturbance has had a negative impact on the carbon sequestration potential
of the region’s forests, as NPP has been reduced by 10% since the early 2000s from a high of
373 (31) g C m-2 in 2000 to 335 (33) g C m-2 in 2018 (a continual reduction of -1.7 g C m-2 year-1
on average). The reduction of live photosynthesizing trees (biomass stocks) through MPB,
harvesting, and wildfire, are the primary reasons for this decline in photosynthetic potential. A
lack of data on understory after MPB partial mortality and the omission of probable historic
climate change driven growth enhancements may have resulted in a lower calculation of NPP in
this study. Climate change mitigation should focus on reducing the risk to carbon stocks and
sequestration potential in areas at higher risk from wildfires.

Forest disturbance was distributed unevenly across the region with the dry climate group
affected the most severely. The CECA in 2018 averaged > 40%, 15% and 5% in the dry,
moderate, and wet climate groups, respectively. In the period of high disturbance, NPP in the
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dry climate group decreased dramatically by 17%, whereas the sensitivity in the moderate
climate was lower, displaying a reduction in NPP of only 2%. This suggest that forest
productivity in the dry forest types is less resilient to cumulative forest change and future
disturbances should be limited. This finding can feed through into many aspects of forest
management, from limiting harvest levels in dry areas in forest harvesting plans to using
thinning or partial cutting as a treatment to reduce the risk of severe disturbance from wildfires.
Integrated resource planning in these areas should consider a wide variety of landscape to
stand-level strategies, in order to increase resiliency to severe forest disturbance.

7.1.4

Severe Cumulative Forest Disturbance Has Decreased Evapotranspiration

This study devised and implemented an improved methodology based on the Fuh’s equation
within the Budyko framework that directly links changes in watershed parameter (m) to a forest
change index (CECA), and watershed properties, to quantitatively estimate ET and hydrological
partitioning with forest change for large spatial scales. Cumulative forest disturbance has
significantly affected the BC interior forests, with CECA reaching an average of 26% in 2018.

Forest disturbance has significantly decreased ET in most parts of the study region, from an
average of 392 mm in the reference period to 381 mm in the disturbance period. This reduction
is large compared to the historical effect of climate change (since the 1950s). Across the region,
forest disturbance caused an average 14 mm reduction in ET from the reference to disturbance
period (-11, -53, and 0 mm in dry, moderate, and wet groups respectively), while climate
changed increased ET by 3 mm (1, 21, and 4 mm in dry, moderate, and wet groups
respectively). So, in the last few decades, the reduction in mean annual streamflow from
climatic trends has been opposed by an increasing influence of forest disturbance. In the short
to mid term, climate change will likely continue to reduce streamflow, while forest change could
either have an offsetting or compounding effect depending on the status of either disturbance or
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recovery. Water allocation managers and those managing watersheds for environmental flow
needs should be aware of the long term climate and forest change dynamics and consider their
possible interactive effects on streamflow. In addition, future climate change scenarios provided
evidence that forest management can be a tool used to actively mitigate undesired potential
future changes in water resources caused by long term climate change in some areas.

7.1.5

Climatic Interactions Regulate the Response of Evapotranspiration to Cumulative

Forest Disturbance
Long term ET averaged 378 mm in the interior region of BC (1950 – 2018), ranging from 427
mm in dry climates to 324 mm in wet climates. This study found that the effect of forest
disturbance on ET (hydrological sensitivity) varies by climate group. Despite lower absolute
levels of forest disturbance, ET has decreased the most in the moderate climate areas where
sensitivity is high. While in dry climates, which experienced the highest levels of disturbance,
the effect of forest disturbance on ET was found to be smaller. Standardized by unit of
disturbance, ET decreased by an average of 5.3 mm per percent increase in CECA in the
moderate climate, and 0.62 mm per percent increase in CECA in the dry climate group. This is
likely due to differences in forest types and their evaporative fraction, as well as their interaction
with landscape (e.g. topography, soils) and climatic characteristics. Clearly, the interactions
between climate and forest disturbance must be considered in any calculation of ET response,
and both small and large scale studies of ET should place themselves within the wider climatic
context. With the climate likely to shift, it is important to consider how these sensitivities may
also change in the future.

7.1.6

Water Use Efficiency Stabilized at the Regional Scale

This study found that cumulative forest disturbance is one of the key drivers of WUE, as
hypothesized. It was also found that regional-level WUE dynamics did not simply mirror those at
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the stand level, where low levels of forest disturbance supported a steady relationship between
forest carbon and water at the regional scale during the reference period, characterized by a
sustained increase in WUE. Additional climate change driven growth enhancements mean that
the increase in reference period NPP and WUE may be higher than modelled. Unexpectedly,
WUE during the disturbance period was relatively stable, which is the opposite of the simple
stand-level WUE response to disturbance (i.e. an expected reduction). Understory dynamics
and variations in climate change driven growth were not explicitly accounted for in this modeling
framework, introducing some uncertainty into the disturbance period WUE calculation. Such a
high resilience in regional WUE was mainly due to the interactions between climate and forest
disturbance, and the offsetting effect among climate groups. These results highlight the need to
study the forest carbon and water relationship at the appropriate scales. Long temporal studies
are needed because long term stewardship of carbon and water resources is vital and forests
change gradually over long periods of time, meaning that decisions now have implications for
many decades into the future. Landscape-level studies are also needed because many strategic
forest management decisions are made at this scale, for example in BC harvest levels are set at
the level of “timber supply area” – administrative units that are often a few million hectares in
size. BC’s forest carbon strategy is province wide, so information on the possible implications to
the forest carbon and water cycle at this scale is needed.

7.1.7

Sensitivity of Water Use Efficiency to Cumulative Forest Disturbance Depends on

Climate Interaction
This study showed that the sensitivity of WUE to cumulative forest disturbance depends not only
on the levels of cumulative disturbance but also climate interactions. With severe cumulative
forest disturbance, regional WUE appeared to stabilize in the 2000s, however this was driven by
opposite WUE trends in the moderate and dry climate groups. The higher sensitivity of ET
(compared to NPP) to forest disturbance caused WUE to increase with forest disturbance in the
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moderate climate. Whereas in dry climates a higher sensitivity of NPP to forest disturbance
drove WUE reductions with increased forest disturbance. Differences in relative NPP and ET
sensitivities are driven by forest characteristics both before and after disturbance, and their
interactions with landscape and climatic factors. Clearly, the interaction of forest disturbance
and climate must be considered in the WUE calculation. Outputs from this modeling and
statistical analysis can be used to compare and validate process-based land-climate system
models, where WUE and its components are important variables. With the climate predicted to
shift in the future, it is important to fully characterize how this relationship may change.
Partitioning out the effects of forest disturbance from climate on the carbon and water cycles is
necessary to understand drivers, represent them conceptually in models, and be able to
manage ecosystems in the context of climate change.

These findings on WUE are important for forest ecosystem management, where complex and
integrated decisions must be made considering current and future implications and trade-offs in
an uncertain climate. It is a considerable challenge to integrate this complex information into an
accessible planning framework that can be used by decision makers. WUE gives an indication
of what managing a particular way for one resource can do to the other resource (e.g. if we
manage for increased carbon, what are the implications for water?). It is valuable for prediction,
allowing consideration of potential trade-offs between gain in forest productivity and
conservation of water resources.

Another application is to inform ecosystem management where there are high efficiencies in
either the carbon or water cycle or opportunity exists for optimized resource use. If allocating
resources across landscapes, differences in WUE indicate where to concentrate on carbon or
water resources (e.g. high timber yields, protection for carbon storage) or efficiencies (e.g. high
WUE paired with high productivity and low risk of disturbance). It may be more optimal to invest
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in carbon sequestration in places with a high WUE (more carbon sequestered per unit of water
used), especially if water is scarce. One example application of this was illustrated in Gao et al.
(2014) who used WUE to optimize the location of future large scale afforestation across regions
in China. Given the high sensitivity of the water cycle in the moderate climate group, impacts
may be more pronounced compared to other areas of BC.

7.2

Limitations and Opportunities for Future Research

Although we utilized the best possible datasets and current methodology available, there is still
uncertainty associated with several aspects of this study. The limitation sections in Chapter 4, 5,
and 6 outline issues specific to each section, while the limitations and areas of future focus that
are discussed in this section concentrate on those that are common across themes and are
practical or hypothetical gaps for future research.

7.2.1

Input Data Characterizing the Forest

The carbon, ET, and WUE analyses all relied heavily on forest condition and disturbance data
from the VRI (MFLNRORD, 2019a). While this is the best available information and is very
detailed and reliable compared to other places, it is by no means perfect. Data collection
techniques and standards are not static, and in general the reliability is reduced the further back
in time you go. For example, accurately dating and delineating a historical fire in the 1950s is
difficult compared to one that occurred recently for which aerial and satellite imagery is readily
available. While this issue cannot be changed, the increased uncertainty with old information is
recognized. The VRI is a current snapshot of the state of the forest and doesn’t include a record
of the forest type that existed before harvesting. This gap was filled by assuming that previous
stand types were similar to the current mature forest and populating with information from the
neighboring mature forest. While we have done our best to check and understand the data for
errors and deficiencies, uncertainties associated with data quality and availability cannot be total
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eliminated and do add elements of uncertainty. The uncertainty analysis performed within the
carbon modeling explicitly included factors to represent some of these issues.

There are many recent technological developments that promise to advance the collection of
forest data at the landscape scale, and feed into carbon and water modeling. Higher resolution
satellite data (e.g. Sentinel at 10 m resolution since 2014) can provide wall to wall coverage
globally, allowing consistent calculations in previously data poor areas that lack regular
inventory (e.g. parts of Canada’s unmanaged northern boreal forest). There is an expansion of
new satellite sensors measuring different indices that are relevant to forest ecological processes
for carbon and water, such as solar-induced fluorescence which is tightly linked to
photosynthesis, and Lidar onboard the International Space Station (Boisvenue and White,
2019). Simultaneously, advances in computing power, data analysis techniques (e.g. machine
learning) and open access to coding and programs are facilitating the computing of these big
data sets, and collaboration across disciplines.

7.2.2

Understory and Residual Dynamics After Partial Mortality

The VRI is interpreted from aerial orthophotos and while it is very good at characterizing the
height, stocking, species composition, and condition of the overstory, it does not contain
consistent information about the forest understory. In most cases, the overstory trees account
for the large majority of carbon sequestration (Misson et al., 2007), however some studies have
shown that the release of residual vegetation can occur after MPB mortality, compensating for
the loss of overstory Lodgepole pine photosynthesis.

While other sources of modeling uncertainty were explicitly accounted for using Monte Carlo
simulations and bootstrapping, post-MPB vegetation release and growth was not accounted for
within either the carbon or water modeling in this study and therefore the impact of MPB
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mortality on NPP and ET could be overestimated. To deal with this gap would require a
coordinated and targeted research effort, comprising of detailed stand level monitoring designed
in a systematic way to allow scalability up to the regional level through models. Detailed site
information and data on the overstory and understory both pre- and post- disturbance would
need to be collected (e.g. using Lidar or extensive sampling) and paired with eddy covariance
data to measure dynamic water and carbon flux changes. In this way, the effects of understory
release and regeneration on carbon and water dynamics can be better reflected in future
studies. There has been a proliferation of airborne Lidar throughout BC in recent years, which is
promising for improved landscape-level estimation of the sub-canopy and regeneration. In the
future, as large areas recover from the MPB epidemic of the 2000s, better quantification of the
understory, regeneration and recovery trajectories will become increasingly important.

7.2.3

Integrated Index of Cumulative Forest Disturbance and Recovery

Landscapes contain a mix of many disturbance types that occur variably through time and
space with recovery processes also occurring simultaneously. We used the standardized metric
of CECA to integrate disturbance and recovery processes of wildfire, MPB and harvesting at the
regional level. CECA has mainly been developed and used in the Pacific Northwest in areas
where the effects of forest disturbance on snow melt and peak flow are a top concern. Although
it is the best integrated index of cumulative forest disturbance and recovery that is available at
this time and scale, there are some drawbacks associated with using it, for example CECA may
not reflect changes in carbon dynamics associated with successional changes in old forests.
Future work should consider alternative or improvements to integrated indicators of forest
change and recovery at the watershed to landscape level.
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7.2.4

Drivers of Evapotranspiration Variability in Wet Climates

More research into the drivers of ET variation in the wet climate group is needed. We did not
find a statistically significant relationship between CECA and ET in the wet areas. This could be
partially due to the low levels of historic disturbance in the wet climate group, or it may be that
other climatic and topographic related parameters are more important (e.g. snowpack variability,
rain on snow events). Weather stations in these areas are more limited and so data
inaccuracies may be more pronounced. However, wet areas are of high importance because of
their flood generation abilities and so teasing out the important drivers of ET is valuable. In
addition, studies that are able to describe the climate in terms of climatic gradients rather than
three climate groups may be of wider applicability.

7.2.5

Consideration of Other Carbon and Water Variables

Annual NPP and ET allowed us to use a succinct definition of carbon and water coupling in the
WUE variable, however hydrological functions are more than just annual mean flow or water
yield. Other functions related to water and/or carbon variables may be of interest, such as peak
flow, low or summer flow, soil infiltration, and growing season carbon sequestration or resiliency
to drought. How forest disturbance affects these other functions, and their relationship was not
directly investigated in this study, however, should be prioritized in future studies. The
applicability of the Budyko framework in these cases must be carefully assessed and other
methodological approaches explored. The importance of forests and the impact of large-scale
forest disturbance on local to regional precipitation recycling is an important emerging focus in
the link between the carbon and water cycles.

7.2.6

Regional Independent Validation of Evapotranspiration and Carbon Flux

The lack of independent data to validate large scale ET and carbon flux (NPP) estimates is an
issue that is common to all landscape-level studies of this kind. There are no direct
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measurement techniques that are analogous to the site level eddy covariance technique to
directly validate our regional scale estimates at the moment, however new remote sensing
technologies may hold promise in the future. While we used independent sources of point based
measurements of carbon stocks and watershed-scale streamflow to validate our methodology,
the development or inclusion of new advances in independent sources of watershed-scale NPP,
ET, and WUE are areas of high priority.

7.2.7

Integrated Carbon and Water Process-Based Modeling

Processed-based modeling can integrate carbon and water cycles and fully represent the
effects of disturbance and recovery. Landscape level parameterization and application of these
types of models can be prohibitive, however the recent and ongoing proliferation of new and
accessible remotely sensed datasets may facilitate their widespread application.
Complementing the methods used in this study with processed-based ecohydrological modeling
would reveal more information on the mechanisms behind the changes and differences in NPP,
ET, and WUE that were detected statistically, and allow them to be extended to new climates
and landscapes. Additionally, this extension would reduce the uncertainty in the NPP and WUE
calculation that stems from the inability of CBM-CFS3 to consider historical climate driven
growth enhancements and model impacts of future changes in climate on carbon dynamics.
Opportunities exist to greatly enhance the applicability of the key findings from this study by
integrating process-based functionality into landscape modeling in a way that is accessible to
practitioners.
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Appendix A: Selected Characteristics of Calibration and Validation
Watersheds

Table A.1. Selected characteristics of calibration watersheds
Size (km2)

Slope (degrees)

P (mm)

PET (mm)

Q (mm)

Years

Max. CECA (%)

Moderate

6,790

4

731

581

391

34

20

07EE010

Moderate

3,712

2

749

649

374

35

24

08EC013

Moderate

6,761

4

613

612

236

45

19

08ED001

Wet

732

9

1,490

551

1,168

39

4

08ED002

Wet

1,897

9

1,511

555

1,214

45

8

08EE003

Dry

2,368

4

541

622

163

31

27

08EE004

Wet

7,344

6

851

595

577

69

21

08EE013

Moderate

565

5

566

594

248

44

35

08EF001

Wet

42,306

8

832

568

670

60

11

08FB006

Moderate

2,551

8

1,051

584

349

47

17

08FC003

Dry

3,724

2

569

596

140

53

47

08GD004

Wet

5,676

14

1,649

535

1,389

29

8

08GD008

Dry

486

6

543

602

110

40

31

08GE002

Wet

5,780

13

1,885

559

1,496

17

7

08JA029

Moderate

6

8

948

594

542

19

2

08JB002

Dry

4,020

4

550

628

164

67

29

08JB003

Dry

6,552

4

540

633

152

64

26

08JE001

Moderate

14,212

4

625

612

294

65

17

08JE004

Moderate

431

1

571

653

188

42

39

08KB001

Wet

32,437

8

1,089

600

791

64

13

08KC001

Moderate

4,233

1

656

655

205

57

27

08KE016

Dry

1,555

2

516

655

105

50

40

08KE024

Wet

127

6

995

597

683

45

16

08KG001

Dry

12,430

2

474

636

88

64

32

08KH001

Wet

5,965

8

1,012

642

703

68

16

08KH006

Wet

11,547

8

966

643

658

67

17

08KH010

Wet

790

11

1,196

604

770

55

15

08LA001

Wet

10,326

8

1,014

634

689

67

21

08LA027

Dry

365

3

587

676

112

15

28

08LA028

Moderate

79

5

692

624

268

15

33

08LB064

Wet

19,612

9

1,082

637

691

60

23

08LF051

Moderate

55,417

8

839

677

442

64

23

08LF094

Dry

99

2

501

680

79

27

47

08MA001

Moderate

6,876

7

763

561

402

68

35

08MA002

Wet

2,134

11

870

532

612

64

14

Station

Climate group

07ED003
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Station

Climate group

08MA003

Wet

08MA006

Moderate

08MB005

Dry

08MB007

Moderate

08MC045

Dry

Size (km2)

Slope (degrees)

P (mm)

PET (mm)

Q (mm)

Years

Max. CECA (%)

1,523

11

1,118

481

763

33

12

99

5

685

537

251

40

27

19,206

4

561

617

169

47

55

196

8

1,096

467

444

39

0

99

2

508

714

75

15

42

Note: P is precipitation, PET is potential evapotranspiration, Q is mean annual streamflow, CECA is
cumulative equivalent clear-cut area, and P, PET and Q values are averaged for the period that
streamflow records exist.
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Table A.2. Selected characteristics of validation watersheds
Size (km2)

Slope (degrees)

P (mm)

Q (mm)

Years

Max. CECA (%)

Wet

4,145

10

723

NA

443

37

21

07EC004

Wet

1,948

9

707

NA

561

29

27

07EE007

Wet

4,930

8

1,061

593

837

23

8

07EE009

Moderate

310

3

914

640

522

40

11

07EF004

Moderate

741

9

1,186

553

535

19

5

07FA005

Moderate

2,137

8

689

548

350

32

11

07FB003

Wet

2,594

8

871

578

650

32

9

07FB004

Dry

82

7

665

603

224

37

4

07FB008

Dry

1,523

5

727

618

240

34

19

08EE008

Moderate

125

7

842

557

437

57

12

08GD007

Wet

1,518

15

1,243

524

934

19

1

08JA014

Dry

146

4

539

604

192

32

21

08JA016

Moderate

57

5

794

556

424

18

0

08JC005

Dry

3,339

2

544

654

121

14

5

08KA001

Wet

409

15

1,467

494

1,063

51

7

08KA009

Wet

253

11

1,356

517

1,024

43

5

08KD007

Wet

3,333

7

1,020

635

610

40

22

08KE009

Wet

1,778

4

750

648

432

44

19

08KF001

Dry

3,212

2

423

637

49

28

13

08KG003

Dry

1,087

2

471

608

69

21

10

08KH030

Wet

184

13

1,429

595

1,103

14

3

08LB020

Moderate

1,144

10

740

674

390

73

28

08LB024

Dry

143

4

546

681

165

49

63

08LB038

Wet

272

13

1,643

600

1,255

34

15

08LB069

Wet

624

11

894

638

587

52

28

08LE077

Wet

24

7

774

678

453

35

54

08LF099

Dry

51

6

417

696

69

14

7

08LF100

Dry

11

7

422

707

42

14

21

08LG056

Dry

74

4

377

666

63

46

40

08LG068

Wet

178

7

981

679

626

13

22

Station

Climate group

07EA004

PET (mm)

Note: P is precipitation, PET is potential evapotranspiration, Q is mean annual streamflow, CECA is
cumulative equivalent clear-cut area, and P, PET and Q values are averaged for the period that
streamflow records exist.
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