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ABSTRACT

Northern boreal peatlands represent a globally significant carbon pool that are at
risk of drying through land-use change and projected future climate change. The current
ecohydrological conceptualization of peatland response to persistent water table (WT)
drawdown is largely based on short-term manipulation experiments, but where the long-
term response may be mediated by vegetation and microtopography dynamics. The
objective of this thesis is to examine the changes to peatland evapotranspiration, soil
physical properties, and moisture stress in response to a long-term WT manipulation. The
energy balance, hydrology, vegetation, and soil properties were examined at three
adjacent peatland sites in the southern sub-boreal region which were subjected to WT
manipulations on the order of £10 cm at two treatment sites (WET, and DRY) compared
to the reference site (INT) as a result of berm construction in the 1950s.

Sites with an increasing depth to WT were found to have greater
microtopographic variation and proportion of the surface covered by raised hummocks.
While total abundance of the major plant functional groups was altered, species
composition and dominant species of vascular and non-vascular species within
microforms was unaltered. Changes in vegetation and microtopography lead to
differences in albedo, surface roughness, and surface moisture variability. However, total
ET was only significantly different at the WET site. Transpiration losses accounted for
the majority of ET, where LAI best explained differences in total ET between sites.
Surface moisture availability did not appear to be limiting on moss evaporation, where

lab results showed similar moisture retention capacity between microforms and sites, and
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where low surface bulk density was shown to be a strong controlling factor. Modelling
results further suggested that, despite dry surface conditions, surface moisture availability
for evaporation was often not limited based on several different parameterizations of peat

hydraulic structure with depth.
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CHAPTER 1: INTRODUCTION

1.1 Northern peatlands, climate change, and water table drawdown

Northern peatlands are estimated to cover 3.5 x 10° km? of the land surface, with
1.7 x 10° km® located in North America alone (Gorham, 1991; and O’Neill, 2000), and
provide valuable ecosystem services (Vitt et al., 2000) including the maintenance of
biodiversity (Rydin et al., 2006) and conservation of water resources (Devito et
al., 2013). These peatlands, primarily located between 50°N and 70°N latitude, are
estimated to contain 455 Pg of soil organic carbon (Gorham, 1991), or approximately
one-third of the global total (Bird et al. 2001).

Despite having a much lower productivity rate compared to other ecosystems
(Thormann and Bayley, 1997), accumulation of carbon stores in northern peatlands has
occurred slowly over several thousand years (cf. Clymo, 1984) as a result of slow rates of
decomposition (Moore, 2002) due to a perennially shallow water table (WT), relatively
cool temperatures, and the recalcitrance of Sphagnum species, particularly hummock
forming species (Johnson and Damman, 1991; Turetsky et al., 2008). Reconstruction of
peatland carbon dynamics during the Holocene suggest that carbon accumulation rates
have been decreasing over the past several thousand years (Yu et al., 2011), where both
biological and hydrological limits to growth are suggested (Belyea and Baird, 2006).
Since peatlands are at a thermodynamic boundary governed by a shallow WT with

relatively small seasonal and interannual fluctuations, it has been suggested that they may
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be sensitive to disturbances which affect their hydrological structure and water balance
(Frolking et al., 2011).

As a result of future climate change, where temperatures in the boreal region are
estimated to rise between 2 — 8°C (Christensen, 2007), peatlands in the continental
interior are predicted to experience WT drawdown due to increased evaporative loss in
excess of the predicted increase in precipitation (Roulet et al., 1992). Since WT position
has been shown to have a significant impact on peatland carbon balances (Hilbert et al.,
2001; Ise et al., 2008), species composition and distribution (Talbot et al., 2010; Bubier
et al., 2006), and hydraulic structure (Whittington and Price, 2006), understanding the
spatio-temporal effect of climate or land-use change on peatland hydrology is of great
importance (Holden, 2005).

Vegetation distribution, microtopography (i.e. raised dry hummocks and low-
lying wet hollows), and the spatio-temporal variability in surface moisture are intricately
linked in peatlands, but where the temporal scale of the response to disturbance varies.
Both short-term field experiments (e.g. Chivers et al., 2009; Strack and Waddington,
2007) and multi-decadal vegetation impact studies (e.g. Gunnarsson et al., 2002; Talbot
et al., 2010) have shown a decrease in Sphagnum cover and a concomitant increase in
shrub and tree cover (e.g. Pellerin and Lavoie, 2003; Weltzin et al., 2003) in response to
drainage or surface drying in peatlands. Increasing vascular cover has been associated
with higher ET in peatlands (Takagi et al., 1999), while a lower WT will likely increase
fine root production (Weltzin et al., 2000) and nutrient availability (Macrae et al., 2013)

which may further affect leaf area and transpiration capacity (Schulze et al., 1994). Over
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longer timeframes, stratigraphy studies suggest hummocks are stable features, resilient to
changes in saturated water storage, while hollows are unstable features (Belyea and
Clymo, 2001). This suggests that, in addition to changes in Sphagnum and vascular
cover, WT drawdown may initiate microform succession towards a greater abundance of
hummocks, the effects of which are not captured by short-term manipulation
experiments. With changes in surface vegetation, microtopography, and moisture
availability that result from persistent WT alterations, there would be a concomitant
change in surface radiative and aerodynamic properties, thus fundamentally affecting
energy partitioning between latent and sensible heat, as well as sourcing from the moss
surface and canopy.

Studies of global and regional climate have identified that understanding of the
mass and energy exchange between land surfaces and the atmosphere are of critical
importance for the accuracy of climate change predictions (Garratt, 1993). Climate
models are sensitive to changes in surface properties in terms of the partitioning of
available energy at the surface into latent and sensible heat. These properties cannot be
assumed to be constant with time, but rather vary depending on spatio-temporal
variability in surface moisture conditions and transpiration capacity of vascular
vegetation. Therefore, the inclusion of microtopography for peatland classifications in
land surface schemes (e.g. Wu et al., 2011) is needed in order to accurately represent the
effect of spatial variability in moisture on flux partitioning; and plant functional groups
are needed to better capture different rooting strategies (Luken et al., 1985), resource

allocation (Bubier et al., 2006; Murphy and Moore, 2010), and physiological control on
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water loss (Korner et al., 1979). The problem herein is threefold: (1) a physically-based
understanding of controls on evaporative loss for Sphagnum is limited (Kettridge and
Waddington, 2013) where simple empirical functions using WT (e.g. Hilbert et al., 2000)
or surface moisture (e.g. Lawrence et al., 2011) are often used; (2) there is a lack of a
strong physical understanding of moisture and vegetation controls on peatland ET,
though conceptual models have been proposed (cf. Kim and Verma, 1996; Comer et al.,
2000; and Lafleur er al., 2005); and (3) there is limited data on how moisture retention
properties vary between microforms, how it responds to WT drawdown, and how this
feeds back into surface moisture availability and evaporative losses. In order to improve
parameterization of peatlands in any land surface scheme, a better understanding of moss
evaporation, as well as the feedbacks between microform succession, vascular vegetation,
and surface moisture variability is needed.

The response of peatland ET to changes in moisture availability has been
characterized using interannual variability at a site (Lafleur et al., 2005; Liljedahl et al.,
2011), climatic gradients between sites (Humphreys et al., 2006), and through field or
laboratory manipulations (Price and Whittington, 2010; Bond-Lamberty et al., 2011;
Kettridge and Waddington, 2013). Measurements in years with different weather
conditions can be used to quantify short-term, direct impacts on surface energy
partitioning that result from warmer/colder or wetter/drier conditions (Teklemariam ef al.,
2010), but often both moisture availability, temperature, and other weather variables vary
simultaneously so specific impact attribution can be difficult to elicit. Comparisons

between sites along climatic gradients are often used to represent long-term impacts of
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climate (e.g. Chapin et al., 2000; Eugster et al., 2000), where plant community
composition is assumed to be in quasi-equilibrium with the local climate. However,
attribution of change can be confounded by other overlapping gradients (e.g. nitrogen
deposition, Lund et al., 2009). Manipulation studies, which are predominantly focused on
carbon fluxes (e.g. Oechel et al., 1998; Weltzin et al., 2003; Strack and Waddington,
2007; Chivers et al., 2009; and Huemmrich et al., 2010), use warming or draining to
control for different anticipated climate change effects, but are often limited to a few
years and thus are potentially measuring the response of a system in disequilibrium. As
such, there is a need to characterize peatland ET following a persistent change in
moisture availability, where sufficient time has elapsed for both peat hydrophysical
properties and the vegetation community to come into a quasi-equilibrium with the new
hydrological conditions.

Despite the need for an improved understanding of long-term peatland response to
climate change, research is limited on the effects of multi-decadal hydrological
alterations on peatland vegetation dynamics (Miller 2011). Moreover, most long-term
WT drawdown studies are from peatlands drained for forestry and agriculture by ditching
which results in WT drawdowns greater than 0.30 m (Wells and Williams 1996;
Sundstrom et al. 2000; Laiho et al. 2008) and is in excess of the 0.14 cm WT drawdown
predicted for northern peatlands under a future climate change scenario (Roulet et al.
1992). Consequently research is lacking on more subtle (i.e = 0.15 m) long-term WT

alteration effects on vegetation composition, surface morphology, and associated energy
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balance dynamics that more realistically reflect the conditions predicted for northern

regions in the next century.

1.2 Ecohydrology of northern peatlands

1.2.1 Surface energy balance

ET is a significant component of a peatland’s energy and water balance (Lafleur
et al., 2005), where along with precipitation, they represent the major water fluxes in
many peatlands (Kim and Verma, 1996). Despite the patchiness of peatlands within their
local landscape, they must be investigated separately from the surrounding upland
regions since peatlands are shown to have distinct energy and water balances, where
midday ET and water storage tends to be greater (Sellers et al., 1995). Differences in
albedo (Thompson, 2012), aerodynamic roughness (Kettridge and Baird, 2006), soil
moisture, and bulk surface resistance (Humphreys er al., 2006) between peatlands can
affect their energy and water balance. Seasonal leaf development in peatlands, for
example, decreases net radiation as a function of incoming solar radiation (Lafleur et al.,
1997). This can be the result of increasing albedo or longwave loss as the surface dries
and surface temperatures increase. The dependence of the energy balance on plant
phenology implies that there will be differences in flux partitioning in peatlands with
different vegetation communities or relative abundance of plant functional types.

Mer Bleue bog represents one of very few North American continental peatlands
for which multi-year annual ET has been measured (Lafleur et al. 2005). Despite

differences in the summer water balance and depth to WT, ET as a function of its
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potential value was fairly conservative across years, with differences only discernable in
the driest year. Despite having the lowest WT of reviewed Canadian peatlands
(Humphreys et al., 2006), energy partitioning and controls at Mer Bleue bog are similar
to other bogs (Admiral et al., 2006). This would suggest that, in the absence of
microform or vegetation succession, a difference in flux partitioning at the ecosystem
scale would only be expected in response to a large WT drawdown.

In peatlands with an abundance of vascular plant cover, there is evidence that ET
is strongly controlled by the stomatal response to vapour pressure deficit (D). By
contrast, clear-day ET is more strongly controlled by the amount of solar radiation in
moss-dominated peatlands (Price, 1991). However, the response of ET and water use
efficiency to varying environmental conditions across peatland types with different WT
depths is still not clear (Humphreys et al., 2006) as a continuum of both total leaf area
and the relative proportion of different plant functional types exists.

In general, peatlands have been shown to evaporate at or near the equilibrium
level, similar to high productivity broadleaf forests in the boreal region, but less than
what would be predicted for an extensive, well-watered surface (Baldocchi et al., 2000;
Humphreys et al., 2006). Nevertheless, large canopy resistance measured in a southern
bog resulted in uncharacteristically low evaporation despite the WT being near the
surface (Campbell and Williamson, 1997). The departure from a regular peatland
evaporative regime is thought to be the result of a dense canopy limiting vapour diffusion

from the moss surface. The importance of capturing this trade-off between canopy and
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surface evaporative losses and their differing physical controls is highlighted by the
variable performance of ET models across peatland types (Comer et al., 2000).

In assessing the controls on ET, bulk surface resistance has been shown to be
better correlated with D compared to surface moisture (Kellner, 2001). However, the
strength of the relation has been shown to deteriorate under drying conditions (Admiral et
al., 2006). Early in the growing season, water tends to be freely available, with minimal
stomatal control as observed from the ecosystem scale due to the relatively low LAI of
vascular vegetation. As the vascular canopy develops and reaches full leaf-out, stomatal
closure decouples ET from D. Finally, as leaves begin to senesce, mosses can no longer
meet atmospheric moisture demand due to low a WT and moisture content, particularly in
hummocks (Admiral and Lafleur, 2007). Nonetheless, D and the stomatal response of
vascular vegetation tend to control the diurnal course of ET over a range WT depths,
where a change in the ET regime is only detected at very low WT depths (Lafleur et al.,

2005).

1.2.2 Energy partitioning

Forest micrometeorological studies have recognized the importance of the
understory contribution to ecosystem scale ET (Baldocchi et al., 1997; Baldocchi et al.,
2000; Blanken et al., 1997a; and Kelliher et al., 1990), where controls on ET can be out
of phase in the case where plant functional type of the dominant canopy and understory
species differ (Balddochi et al., 2004). For peatlands, this may suggest that differences in
phenology between vegetation types will lead to different sourcing of water vapour

throughout the season
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Few peatland studies have used field measurements to determine the variation in
evaporative flux due to vegetation composition, so it is unclear to what degree vascular
vegetation controls ecosystem scale ET. A fairly even contribution of moss and vascular
shrubs to early season conductance values is shown at an eastern Canadian bog, while
vascular conductance dominates as LAI increases and WT drops (Admiral and Lafleur,
2007). Therefore, where long-term WT manipulations have an effect on LAI and the
relative abundance of plant functional types, we would expect a measurable impact on the
magnitude and seasonality of ET.

A three-source ET model for an eastern Canadian bog with a relatively low LAI
of 1.3 showed that the canopy contributed the majority of evaporative losses, with
between 10% to 30% sourcing from the moss surface. Using field measurements and
modelling, Bond-Lamberty ef al. (2011) showed that bryophytes contribute 49% - 69% of
total ET in a poorly-drained forested peatland. Furthermore, laboratory measurements
suggested there was no difference in the relation between moss evaporation and water
content for hummocks and hollows (Bond-Lamberty er al., 2011), but where moisture
status differed between microforms in the field. Conversely, Brown et al. (2010) showed
no difference in ET between microform in Sphagnum dominated plots throughout the
growing season, but where the vascular canopy was both sparse and heterogeneous. With
increasing LAI, shading of the moss surface reduces the energy balance at the surface,
thus limiting potential evaporative losses. The architecture and density of the vascular
canopy also affects the magnitude of turbulent mixing near the surface, providing

additional resistance to evaporative loss from the surface. Moreover, sourcing of ET has
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been argued to be influenced by microadvection, either between the surface and the
vascular canopy (Kim and Verma, 1996), or between hummocks and hollows (Kellner,
2001). In both cases, a dry moss surface would partition more available energy to
sensible heat, with the potential to increase the energy balance of the vascular canopy or
of wet hollows adjacent to dry hummocks. Furthermore, where microtopography is
pronounced and plant functional type differs (e.g. sedges versus shrubs), shelter and edge
effects may further enhance spatial variability in evaporative losses.

The sheltering effect of vascular vegetation on the moss surface must be balanced
against the net effect of increased transpiration on the water balance and interception
losses on surface moisture content. Farrick and Price (2009) showed that 66% of
precipitation inputs were lost through transpiration and interception losses in a shrub
dominated bog (Farrick and Price, 2009). By limiting water inputs at the surface, the
moisture retention properties and hydraulic structure of the underlying peat become
increasingly important for Sphagnum to be able to meet evaporative demand and avoid
desiccation. The link between surface moisture status and evaporative losses from
Sphagnum have been shown to be highly non-linear (Bond-Lamberty er al., 2011;
Kettridge and Waddington, 2013), where differences in the moisture retention properties
of Sphagnum species and the hydraulic structure of peat from contrasting microforms

may serve to limit the impact of WT drawdown.

1.2.3 Peat hydrophysical properties
Sphagnum, which passively transports and evaporates water, cannot control water

loss due to a lack of conducting vascular tissue and stomata. However, there are
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characteristic Sphagnum species which tend to grow at different heights above the WT
(Andrus et al., 1983). Differences in peat hydrophysical properties between species
growing in perennially wet versus dry locations (Whittington and Price, 2006), and
differences in the relation between Sphagnum moisture content and productivity (Rydin
and McDonald, 1985) help to explain the vertical zonation of Sphagnum species. The
physical structure of hummock species and their close packing results in a smaller pore
size distribution (Hayward and Clymo, 1982), resulting in greater water retention. This
has important implications for moss evaporation (Kellner and Halldin, 2002), where
greater moisture content at an equivalent soil water potential is likely to support higher
rates of evaporation. Furthermore, based on theory of capillary rise in a tube, the small
pore size distribution implies hummocks would be able to support evaporation at greater
WT depths (Hayward and Clymo, 1982).

Peat moisture retention and the associated pF curves/Van Genuchten parameters,
hydraulic conductivity (Kj), bulk density (p,), and botanical origin has been widely
studied (e.g. Paivanen, 1973; Schwarzel et al., 2002; Naasz et al., 2005; Gnatowski et al,
2010; McCarter and Price, 2012). Boelter (1969) has shown that the moisture-tension (8-
w) relations of peat are primarily controlled by p;,, but where a broad categorization of the
level of decomposition also plays an important secondary role. Several studies have
looked at the combined effect of drainage and harvesting on peat hydrophysical
properties in relation to restoration work (e.g. Schlotzhauer and Price, 1999; Price and
Whitehead, 2001; Cagampan and Waddington, 2008; Waddington et al., 2011) but

applicability to natural WT drawdown is limited due to the removal of high porosity, low
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pi surface peat and Sphagnum during peat harvesting. Within the literature, Thompson
and Waddington (2013) are one of the few to report on the differences between hummock
and hollow 8-y relations, though they focus on the effect of wildfire.

In addition to moisture retention, the hydraulic structure of peat differs between
microforms, where WT drawdown has been shown to have a variable effect on p;, K,
specific yield, and WT variability between microforms (Whittington and Price, 2006).
WT drawdown often results in surface subsidence due to both short-term changes in
shear stress (Kennedy and Price, 2005) and long term consolidation through oxidation
loss (Waddington et al., 2002). This in turn can increase p;, lower porosity, specific yield,
and K;. As a result of lower specific yield and K;, water in the system may be conserved
but at the expense of greater WT variability. Waddington et al. (2010) showed that peat
volume changes are greater in low-lying microforms in response to WT variability,
suggesting a feedback mechanism for reducing fluctuations in surface moisture
availability. Nevertheless, increased WT variability will favour Sphagnum species which
have greater moisture retention and a community structure which limits evaporative
losses.

While WT has previously been used in modelling peatland energy balances and
ET (Moore et al., 2002), the physical basis is limited since surface moisture availability is
non-linearly related to WT depth (Price, 1997). Moreover, simple empirical relation
between surface moisture and WT are confounded by hysteresis (Kellner and Halldin,
2002). Capillary transport capacity and pore water pressure may be more representative

of moss evaporative potential and moisture availability respectively (Thompson and

12
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Waddington, 2008; McCarter and Price, 2012). If the long-term response of peatlands to
disturbance is to be assessed, either in terms of their feedback on large scale model
simulations or for peatland carbon balances, Sphagnum moisture availability must be
evaluated in a physically-based manner which accounts for differences in peat moisture
retention and hydraulic structure between microforms. While some studies have
identified different moisture stress thresholds for characteristic hummock and hollow
Sphagnum species (Hajek and Beckett, 2008), a generally accepted range for the
hydrologic threshold for Sphagnum species based on moss physiology is a pore water
pressure between -100 mb and -600 mb (Hayward and Clymo, 1982; Lewis, 1988). Field
studies examining the link between surface pore water pressure and Sphagnum
colonization on bare peat suggest the same limit of roughly -100 mb (Price and
Whitehead, 2001). Therefore, the ecohydrological response of peatlands to long-term
changes in moisture storage will be the result of any competitive advantage between
hummocks and hollows that result from desiccation avoidance and tolerance, where
Sphagnum species which naturally grow further from the WT tend to have a competitive
advantage under drying conditions (Robroek et al., 2007). By incorporating the distinct
hydrophysical properties of hummock and hollow peat and the moss surface using
physically based soil hydrology, the role of moisture retention and hydraulic structure on

Sphagnum moisture status can be assessed.

1.3 Study objectives
A comparison of three collocated peatlands with different mean depths to WT,

microtopographic variation, and abundance of plant functional types provide the basis for
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examining the link between moisture status, vegetation community, and resultant energy
and water balances. The three sites also provide the opportunity to examine differences in
energy partitioning, the relative role of vascular plants under different moisture regimes,
and the effect of hydrophysical properties on surface moisture status. Given that the sites
are subject to the same local weather conditions, the research site provides a unique
opportunity to evaluate ecosystem scale processes under similar atmospheric conditions.
Furthermore, given that two of the sites were subject to water table manipulation (both an
increase and decrease relative to the reference site) in the 1950s, the long-term impact of
WT manipulation on ecohydrological processes can be examined.

Within the context of comparing and contrasting sites along a WT manipulation
gradient, the main research objectives were to: (1) quantify and explain differences in the
seasonal variability in ecosystem scale energy and water balance components of
peatlands with an increasing mean depth to WT; (2) quantify the relative contribution of
non-vascular vegetation to peatland water vapour fluxes and the link to surface moisture
variability and vascular plant phenology; (3) examine differences in peat hydrophysical
properties from contrasting microtopographical elements and across sites with different
mean depths to WT; and (4) determine how differences in peat hydrophysical properties
feedback into surface moisture availability under current and a future climate change

scenario.
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CHAPTER 2: EFFECT OF LONG-TERM WATER TABLE

MANIPULATIONS ON PEATLAND EVAPOTRANSPIRATION

2.1 Abstract

Continuous measurements of ecosystem scale evapotranspiration (ET) were
obtained using the eddy covariance method over the 2010 and 2011 growing seasons
(May to September) at three adjacent peatlands that have undergone long-term water
table manipulation. The three (wet, dry and intermediate) sites represent peatlands along
a hydrological gradient, with different average depths to water table (WTD) and different
resulting vegetation and microform assemblages. The 2010 growing season was warmer
and wetter than normal, while 2011 conditions were near normal. The difference in
maximum daily ET values (95" percentiles) between sites were greater in 2010 (3.14 mm
d!' - 4.17 mm d'l) compared to 2011 (3.68 mm d!'-3.95 mm d'l), yielding cumulative
growing season ET that followed the wet to dry gradient in both 2010 and 2011. Synoptic
weather conditions (i.e. air temperature, vapour pressure deficit, and incoming solar
radiation, etc.) could not explain differences in ET between sites due to their proximity to
one another. Peat surface wetness was more spatially homogeneous at the wet site due to
small average microtopographic variations (0.15 m) compared to the intermediate (0.30
m) and dry (0.41 m) sites. Although average Bowen ratios were less than one at all three
sites, greater surface wetness and heating of the near-surface peat at the wettest site lead
to differences in energy partitioning, with higher average Bowen ratios at the sites with a

deeper average WTD. No significant relation between normalized ET and WTD was
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found at any of the sites that were consistent across both study years. In addition, the lack
of a relation between ET and near-surface moisture suggests that the unsaturated
hydraulic conductivity and the boundary layer resistance created by the vascular canopy
combined with low surface roughness limits evaporative losses from the peat surface.
This study suggests that the low ET of a dry peatland site compared to a wet site may be
due to the impact of a long-term change in WTD on leaf area and the relative distribution

of plant functional groups.

2.2 Introduction

While peatland ecosystems cover only approximately 3% of the world’s total land
surface (Gorham, 1991), peatlands can cover in excess of 50% of the landscape in regions
such as northern Alberta, the Hudson/James Bay Lowland (e.g. Tarnocai, 1984), Fenno-
Scandinavia, and the West Siberian Plain (e.g. Paavalainen and Paivanen, 1995). In areas
where peatlands are abundant, these ecosystems can have a significant impact on regional
climate through surface-atmosphere exchanges of mass and energy, where
evapotranspiration (ET) is a large component of the water balance across peatland types
(Price and Maloney, 1994; Kellner and Halldin, 2002).

Peatland ecosystems also represent a potential long-term impact on future climate
(Frolking et al, 2011) through their role in the global carbon cycle, where the oxidation
and/or combustion of the large carbon pool stored in peatlands (e.g. Gorham, 1991;
Vasander and Kettunen, 2006; Turetsky et al., 2011) would represent a positive feedback
to current climate forcings. Rapid and/or long-term persistent oxidation of peatland

carbon stores has been inferred from future climate scenario modelling studies (Ise et al.,
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2008) and from experimental manipulations of sites that were impacted by multiple
disturbances, such as temperature change and drainage (Strack and Waddington, 2007;
Chivers et al., 2009; Huemmrich et al., 2010). However, to improve our understanding of
the role of peatland surface-atmosphere interactions on regional climate and the potential
of peatlands to feedback on global climate change, a greater level understanding on
peatland surface energy partitioning and the controls on ET is required (den Hartog et al.,
1994; Kellner, 2001; Kettridge and Baird, 2006).

Due to the wet conditions prevalent in many peatlands, past research has sought to
characterize simple metrics relating peatland ET to open-water or equilibrium
evaporation and water table depth (WTD). Equilibrium evaporation is defined as the
evaporation rate from an extensive, well watered surface where the overlying air mass
has no saturation deficit (Monteith, 1981), and differs from open-water evaporation since
the effect of entrainment of air from above the convective boundary layer (Priestley and
Taylor, 1972) is not taken into account. In general, peatlands evaporate at or near the
equilibrium level, similar to high productivity broadleaf forests in the boreal region, but
less than open-water evaporation (Baldocchi er al., 2000; Humphreys et al., 2006),
suggesting a weak but important control of vapour pressure deficit (D) or water
limitation. The relation between ET, and WTD for peatlands in general is not straight
forward as studies have shown a range of responses including a strong WTD relation
(Lafleur and Roulet, 1992), no significant effect of WTD (Paramentier et al., 2009; and
Wu et al., 2010), and a moderate or threshold type response (Lafleur et al., 2005). The

control of ET by D in peatlands is similarly varied. In peatlands dominated by vascular
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vegetation having a relatively high LAI, there is evidence that ET is strongly controlled
by surface resistance (Comer et al., 1999), and thus by D. In contrast, clear-day ET was
shown to be more strongly controlled by net radiation in a moss-dominated peatland
(Price, 1991). In assessing the controls on ET, surface resistance has been shown to be
better correlated with D in comparison to water availability (Kellner, 2001). However,
the strength of the relation between ET and D can deteriorate under drying conditions
(Admiral et al., 2006), where a change in the ET regime may only be detected at
relatively large WTD (Lafleur ef al., 2005).

These findings suggest that the range of responses in peatland ET are, in part, due
to the disparate controls on moss evaporation and vascular plant ET, and their respective
links to the spatio-temporal variability in moisture availability. Moreover, the relative
abundance of vascular vegetation within a given peatland will dictate whether a peatland
can be modelled using a big-leaf model with ET partitioned into soil, vegetation, and
interception loss components such as in the ORCHIDEE land surface scheme (Ducoudre
et al., 1993), or if a more detailed dual source model is required (Kim and Verma, 1996;
Lafleur et al., 2005). The Canadian land surface scheme (CLASS) and Community Land
Model have recognized the importance of both organic soils (e.g. Letts et al., 2000;
Lawrence et al., 2008) as well as the need for a dual source model to better characterize
surface evaporation (e.g. Verseghy, 1993; Lawrence et al., 2011). Nevertheless, despite
having dual source ET and organic soil parameterization, Comer et al. (1999) show that
CLASS does not simulate ET well for peatlands with a sparse vascular canopy,

suggesting a potential need for better parameterization of moss evaporation. Furthermore,
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potentially important dynamics which are missing from peatland classifications in land
surface schemes include the role of microtopography on the spatial variability in moisture
(e.g. Wu et al, 2011) and plant functional groups in peatlands (e.g. Korner et al., 1979),
as well as the ability for microtopography and plant functional groups to change through
time as a result of changing environmental conditions.

The response of peatland ET to changes in moisture availability has been
characterized using interannual variability at a site (Lafleur et al., 2005; Liljedahl et al.,
2011), climatic gradients between sites (Humphreys et al., 2006), and through field or
laboratory manipulations (Whittington and Price, 2006). Measurements in years with
different synoptic weather conditions can be used to quantify short-term, direct impacts
on surface energy partitioning that result from warmer/colder or wetter/drier conditions
(Teklemariam et al., 2010), but often both moisture availability, temperature, and other
synoptic weather variables vary simultaneously so specific impact attribution can be
difficult to elicit. Comparisons between sites along climatic gradients are often used to
represent long-term impacts of climate (e.g. Chapin et al., 2000; Eugster et al., 2000),
where plant community composition is assumed to be in quasi-equilibrium with the local
climate. However, attribution of change can be confounded by other overlapping
gradients (e.g. nitrogen deposition, Lund et al., 2009). Manipulation studies, which are
predominantly focused on carbon fluxes (e.g. Oechel et al., 1998; Weltzin et al., 2003;
Strack and Waddington, 2007; Chivers et al., 2009; and Huemmrich et al., 2010), use
warming or draining to control for different anticipated climate change effects, but are

often limited to a few years and thus are potentially measuring the response of a system
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in disequilibrium. As such, there is a need to characterize peatland ET following a
persistent change in moisture availability, where sufficient time has elapsed for both peat
hydrophysical properties and the vegetation community to come into a quasi-equilibrium
with the new hydrological conditions. In order to be able to constrain the degrees of
freedom in a comparative study, the ideal research design would be to examine impacted
and control sites in close enough proximity to one another that they can be considered to
be subjected to the same synoptic weather conditions. To address this research need we
took advantage of a large scale ‘natural experiment’ resulting from the construction of
berms perpendicular to water flow in a large peatland complex in northern Michigan ca.
75 years ago by measuring growing season ET at three adjacent peatlands along a post-
disturbance hydrosequence using the eddy covariance (EC) method. The objectives of
this study were to: (i) quantify ET along a hydrosequence under the same synoptic
weather conditions; (ii) determine if growing season ET was different between sites; and

(111) determine whether energy partitioning and/or controls on ET differed between sites.

2.3 Methods

2.3.1 Study site

The study area is located in the Seney National Wildlife Refuge (SNWR) in the
Upper Peninsula of Michigan (46.20° N, 86.02° W, elev. ~205 m a.s.l.). The region is
characterized by relatively flat topography which slopes towards the south-east at 1.1 —
2.3 m km™ (Heinselman, 1965). Land cover consists primarily of upland forests (67%),

and open peatlands (20%), while the remainder of the region is made up of mostly
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forested swamps and open water (Casselman, 2009). Wet sand of glacial origin overlies
the regional bedrock up to a thickness of 60 m (Albert, 1995). Surface soils throughout
SNWR are mostly a complex of poorly drained muck and sand, while the study area itself
contains poorly drained peats (Casselman, 2009).

The peatland complex within SNWR is subdivided by a combination of upland
sand ridges of lacustrine origin, creeks, old drainage ditches, as well as a network of
roads and berms constructed mostly during the late 1930’s and early 1940’s by the
Civilian Conservation Corps (Kowalski and Wilcox, 2003; Wilcox et al., 2006) for the
purpose of creating open water habitat for migratory birds. As a result of the construction
of berms perpendicular to water flow in the study area ca. 75 years ago, a natural
experiment was created where an upslope peatland site (hereafter referred to as WET)
likely became wetter and a downstream peatland site (hereafter referred to as DRY)
likely became drier. Aerial photography of the study area shows a clear increase in
ponding at the WET site and a rapid terrestrialization at the DRY site following berm
construction. Moreover, contemporary WTD data shows a large difference between the
WET and DRY sites, with the latter being up to 50 — 60 cm deeper. A site with an
intermediate WTD (hereafter referred to as INT) is located adjacent to the WET site. All
three study sites are located in the southern portion of SNWR and have greater than 200
m of continuous fetch in the dominant wind sector, with only 100 m along the lateral
wind sectors. All three sites are located directly adjacent to one another along a roughly

north-south transect, and separated by sandy upland ridges between 25 — 100 m wide.
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The maximum distance between tower-based measurements (see Instrumentation) is
approximately 750 m.

Dominant vegetation at all three peatland sites consists of a ground cover of
Sphagnum sp. (S. angustifolium, S. capillifolium, S. magelanicum), with an overstory of
vascular species. The dominant vascular vegetation consists of Carex oligosperma,
Eriophorum  vaginatum, Ericaceae (e.g. Chamaedaphne calyculata, Ledum
groenlandicum, Kalmia polifolia, and Vaccinium oxycoccus), with trees becoming more
abundant at sites with increasing WTD (e.g. Picea mariana, Pinus banksiana, and Larix
laricina), particularly towards the margins. The berm and upland area surrounding the
research sites is dominated by coniferous species such as red pine (Pinus resinosa),
eastern white pine (Pinus strobus), jack pine (Pinus banksiana), and black spruce (Picea
mariana). Although each peatland site has almost identical species richness, the relative
proportion of given species differs between sites (J. Hribljan, personal communication).
Generally, shrubs dominate hummocks, and sedges dominate hollows across sites, where
the proportion of hummocks, height of hummocks relative to adjacent hollows, and
acidity of near-surface water increases from the WET, to INT and DRY sites (Table 2-1).
Moreover, both leaf area index (LAI) and plant area index (PAI) are highest at the WET
site (Table 2-1).

Based on the 1981-2010 climate normals from the Newberry 3S weather station
(46.32° N, 85.50° W, elev. ~260 m a.s.l.) ~45 km from the study sites, the area has an

average annual temperature of 5.6°C and receives 784 mm of precipitation, where greater
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monthly totals occur during May through October (NOAA NCDC, 2012) compared to

other months.

2.3.2 Instrumentation

Standard eddy covariance (EC) equipment was used at all three sites to measure
surface energy and mass exchanges based on the method described by Baldocchi et al.
(1996). Three component wind speed and sonic air temperature were measured using a
CSAT3 3D sonic anemometer-thermometer (Campbell Scientific Inc. (CS), Logan,
Utah). Water vapour concentrations were measured using an LI-7500A open-path
infrared gas analyzer (IRGA) (LI-COR Biosciences, Lincoln, Nebraska). All EC sensors
were mounted between 1.7 and 2.1 m above the average hummock surface, had a vertical
and lateral separation less than 0.15 and 0.3 m respectively, and were oriented upwind of
the tower based on the dominant summertime wind direction. EC data was sampled at 10
Hz, with mean values and fluxes calculated every 30 minutes.

Radiation measurements were made using a combination of CMP3 and LP02
pyranometers (CS), NR-LITE net radiometers (CS), and CNR2 net short and long-wave
radiometers (CS). A CNR2 was used at the INT and DRY site mounted at a height of
1.78 and 3.2 m respectively, while a NR-LITE was used at the WET and INT site
mounted at a height of 1.7 and 2.3 m respectively. Both types of net radiometers were
used at the INT site to provide a continuous cross-comparison of instrument type in order
to correct for any systematic bias. In order to calculate albedo for all three sites, a single
CMP3 was mounted 1.7 m above the sedge canopy at the WET site to measure incoming

short-wave radiation. Outgoing short-wave radiation was measured at the WET site using
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a LP02 mounted at 1.7 m above the sedge canopy. Outgoing short-wave radiation was
obtained by difference from net shortwave radiation at each of the INT and DRY sites
using a CNR2.

Supplementary air temperature and relative humidity (RH) were measured and
recorded at 10 Hz using a HMP45C (Vaisala Oyj, Helsinki, Finland) temperature and
relative humidity probe mounted in a radiation shield at a height of 1.35 m on all EC
towers. Peat temperature profiles were measured in a representative hummock and
hollow at each site using T-type thermocouple (Omega Engineering, CT, USA) wire
inserted at depths of 0.01, 0.05, 0.1, 0.2, and 0.5 m relative to the local surface.

Measured hydrometric data included rainfall, soil volumetric water content (6),
and WTD. Rainfall was measured using a TE525 tipping bucket rain gauge (Texas
Electronics, Dallas, TX, USA) mounted 0.7 m above the surface. Soil moisture profiles
were measured using CS-616 water content reflectometers (CS). € sensors were installed
at all three sites in a representative hummock and hollow at depths of 0.05, 0.15, and 0.25
m relative to the surface, with an additional sensor at 0.5 m in hummocks. WTD was
measured hourly in 1.5 m deep wells using self-logging Levellogger Junior pressure
transducers (Solinst, Georgetown, ON (Solinst)). WTD measurements were corrected for
changes in atmospheric pressure using a Barologger Gold barometric logger (Solinst).
WTD was recorded at all three sites in two separate groundwater wells with the average
local topography used as a datum, where the height of the average local surface was

determined from 50 m transects with the groundwater wells at the center.
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All high frequency data was recorded on a CR5000 datalogger (CS) at the WET
and DRY site, while a CR3000 datalogger (CS) was used at the INT site. Meteorological,
peat temperature and 6 data were measured every minute and averaged and recorded at

30 minute intervals using a CR1000 (CS) or CR10X (CS) datalogger.

2.3.3 High-frequency data processing and corrections

Prior to calculating half-hour covariances, high-frequency EC measurements were
subjected to a spike detection algorithm analogous to that presented in Vickers and Mahrt
(1997), where spikes were identified when a measurement exceeded the recursive mean
by a standard deviation of 2.6 (also derived recursively). The mean was constructed as a

recursive digital filter (Kaimal and Finnigan, 1994):

~ At | At
¢, =|1-—|c,_, +—c,
Ty Ty

2.1
where ¢, is the measured value at time #, At is the incremental time step between
measurements (0.1 s), and 7y is the RC filter time constant (60 s). The cut-off for spike
detection is lower than the typical 3 — 5 SD range reported by others (e.g. Baldocchi et
al., 1997; Vickers and Mahrt, 1997; Humphreys et al., 2006) because, given the above
time constant, the recursive mean is more responsive to coherent transient departures
from the long-term mean compared to block averaging.

Sonic anemometer wind vectors were mathematically rotated based on the tilt
correction algorithms presented by Wilczak er al. (2001), also known as the planar fit

method. The planar fit method helps to address the problem of over-rotation in sloping
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terrain associated with the more commonly used method of Tanner and Thurtell (1969) as
outlined by Lee et al. (2004).

Before calculating energy and mass fluxes, a time lag was introduced into the
appropriate mass or energy time series in order to maximize the average covariance with
the rotated vertical wind speed. In addition to flux loss that results from the asynchrony in
the measured time series due to finite instrument processing times, spectral transfer
functions were used to correct for high-frequency spectral losses that result from sensor
separation, line and volume averaging, and digital filtering. Frequency response
corrections were calculated according to the analytical solutions presented in Massman
(2000) and applied to despiked, rotated, and lagged covariances.

Errors in EC flux measurements associated with variations in air density due to
changing temperature and humidity were corrected based on the method outlined by
Webb et al. (1980). The sensible heat flux is used in the WPL correction, and is itself
dependent on air density fluctuations when measured using a sonic-anemometer. Sonic

temperatures were thus corrected using the method of Kaimal and Finnigan (1994).

2.3.4 Quality assurance and gap filling

Half-hour flux measurements were rejected based on a number of statistical and
physical environmental conditions. Basic statistical criteria for rejection of fluxes were
based on second, third, and fourth-moment statistics. The thresholds for skewness and
kurtosis were based both on those presented by Vickers and Mahrt (1997) and measured
empirical probability distributions. A site dependent friction velocity (ux) threshold of

-1 . . . . . .
~0.08 m s was used as a basic rejection criterion for removing measurements made

34



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

under conditions without well developed turbulence. Although data was not explicitly
rejected during periods of rainfall, data was rejected for approximately 99% of all half-
hours with rainfall as a result of the aforementioned statistical criteria.

A comprehensive data quality flagging system was also used to identify half-
hours with high-quality, questionable, and bad data (Foken et al., 2004). Data quality was
assessed based on integral turbulence characteristics, stationarity (Foken and Wichura,
1996), and wind direction, where wind-sectors travelling through the tower to the
instrumentation were considered inappropriate.

In order to estimate growing season total ET, missing data was filled using an
artificial neural network (ANN). ANNs have been shown to be suitable for gap-filling EC
flux data (Moffat er al., 2007) where standard meteorological and soil variables were
used as driving variables. Day and night time gaps were modelled separately, where the
disparity in available data for these two time periods would result in a bias towards
daytime conditions during ANN calibration and validation. However, due to the
relatively small contribution of nighttime latent heat fluxes, LE (W m'z), the effect of

nighttime bias was assumed to be negligible.

2.3.5 Calculations
A common method to investigate the controls on ET is by using the Penman-

Monteith (Monteith, 1973) equation which takes the following form:

s(Rn — G)+ ,oanDra_l

s+ 7/(1 +7s )
A (2.2)

LE =
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where s (kPa °C™) is the slope of the saturation vapour pressure versus temperature
curve, y (kPa °C'1) is the psychrometric constant, R, (W m'z) is the net radiation flux, G
(W m™) is the ground heat flux, p, (kg m™) is the air density, C, is the heat capacity of air
J kg'1 °C'1), D (kPa) is the vapour pressure of the atmosphere, r, (s m'l) is the
aerodynamic resistance, and r; (s m'l) is the bulk surface resistance.

Aerodynamic resistance to heat and vapour transport was calculated as the sum of
the resistance to momentum transfer, r,,, and the boundary layer resistance, r,. r, was

calculated according to Stewart and Thom (1973):

u,
r ——2+I’h

u, 2.3)
where u, is the wind speed (m s'l), u+ is the friction velocity (m s'l), and 1y, is calculated

according to the empirical formula of Kellner (2001):

_ a(u*zo / 0)0'25 -b
ku.

7

(2.4)

where 7y is the roughness length (m), v is the kinematic viscosity of air (m2 s'l), k is the
von Karman constant, and a and b are empirical parameters. Estimates of 1.58 and 3.4 for
a and b from a Swedish bog were used to calculate r, (Molder and Kellner, 2001).
Stability correction factors were omitted from Eq. 2.3 and 2.4 since ux was calculated
based on turbulent measurements of all three Cartesian wind speed components rather

than from wind speed profiles.
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Surface roughness was estimated using a direct search algorithm (The
MathWorks, R2010a) to minimize a least square difference function based on the log

wind profile equation for near-neutral stability:

f(d,zo):(bll: ln(z_dJ—uZJ
%o (2.5)

where d is the zero-plane displacement (m), subject to the constraint that d > 7.

Bulk surface resistance, r; (s m'l), was calculated by rearranging the Penman-
Monteith equation (Monteith, 1973) and substituting the Bowen ratio, f = H/LE, which

yields:

; =r{iﬂ—lj+ 52 (14 )
R, -G 2.6)
In order to determine whether cumulative differences in ET between sites
exceeded measurement uncertainty, a simple error analysis was used where the error in
high quality data was assumed to be the result of random error. The calculation of

random error was adapted from the method of Moncrieff et al. (1996):

Err, = p-DVyp 05 n™"? 2.7

where p is the magnitude of random error proportional to the measured flux, DVgr.95 is
the half-hourly diurnal variation of the 95" percentile of ET using a two week moving
window, and n is the i/ measurement. In order to ensure that non-overlapping error
bounds represented meaningful differences in cumulative ET, p was set equal to one.

Assuming the true value of p cannot exceed one for high quality data, then non-
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overlapping error bounds also represent a statistically significant difference in cumulative
ET.

Unless otherwise stated, the period of analysis corresponds with the 2010 and
2011 growing seasons. Given that there is no universal definition for the climatological
growing season (Walther and Linderholm, 2006), the growing season herein corresponds
to the time of year when air temperature (7,) was above 5 °C for over five consecutive
days (Frich et al., 2002).

Finally, all data processing, quality assurance, and statistical tests were done using
MATLAB 7.8 (The MathWorks, Inc., 2009). Statistical tests were considered significant

when the p-value was less than 0.01.

2.4 Results

2.4.1 Meteorological and hydrological conditions

The length and timing of the growing season was similar in both years (Table 2-
2). Over the course of the two study years, 2011 was slightly warmer based on a
comparison of cumulative GDD (Table 2-2). GDD for 2010 and 2011 were similar to the
historical average of 1629 °C based on climate normals from the Newberry weather
station (1981 — 2010 US Normals Data — National Climatic Data Center — National
Oceanic and Atmospheric Administration). Considering GDD during the period defined
by the climatological growing season alone, the difference between years becomes
negligible. Moreover, during this period, there were no strong seasonal departures in T,

from the normal in either study year.
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Rainfall during the 2010 and 2011 growing season was higher than normal (430
mm) over the same period (Table 2-2). The greater seasonal rainfall total in 2010 was the
result of both fewer dry days and greater average rainfall on wet days (Table 2-2).
Despite a greater growing season rainfall total, there was an extended dry period in 2010
where there was a 22 day period with only 6.4 mm of rainfall (day of year (DOY) 130 —
151). The maximum period with no rainfall in 2010 and 2011 was 10 and 12 days,
respectively.

The difference in the average WTD (Fig. 2-1) between sites was fairly consistent
over 2010 (median: WTDwgr - WTDyt = 0.20 m; and WTDwgr — WTDpry = 0.35 m)
with the exception of some anomalous values where WTDwgr was increasing while
WTDnt and WTDpry were decreasing (DOY 266 - 273). The difference in average
WTD was smaller in 2011 (median: WTDwgr - WTDnr = 0.15 m; and WTDwgr —
WTDpry = 0.28 m) where the magnitude of the difference between WTDwgr and
WTDpry increased as WTDpry moved into deeper peat late in the growing season.
Overall, the average WTD was greater in 2011, which corresponds with a lower seasonal
rainfall total. In terms of seasonality, WT was relatively stable in 2010 except early in the
growing season during the extended dry period (DOY 130 — 151). Conversely, 2011 was
characterized by a shallow WTD early in the growing season with progressive drying due
to fewer and smaller rainfall events.

The effect of WTD variation was not apparent in the near-surface (0.05 m) 6 of
hummocks at two of the study sites (Fig. 2-1). Near-surface 0,y num and Opgy pum remained

relatively stable throughout the growing season in both years, varying between 0.10 —
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0.20 m®> m™. Both Ower hum and all G, had much greater ranges of variability in both
years, loosely corresponding to periods of large WTD variability. The magnitude of
variability in 6, differs between sites. During the drying phase of both study years, 6,
reached a minimum daily value of 0.21 and 0.22 m* m™ at the WET site compared to
0.56 and 0.47 m® m™ for the INT site, and 0.73 m* m™ (2011 data missing) for the DRY

site despite a greater WTD at the INT and DRY sites.

2.4.2 Surface Energy Exchange

2.4.2.1 Evapotranspiration

Daily ET at the WET site had a maximum of 5.0 and 4.8 mm for 2010 and 2011,
with typical (25™ to 75" percentile) values ranging from 1.9 to 3.4 mm d' and 1.6 to 3.1
mm d” in each of the two growing seasons, respectively (Fig. 2-2). In addition to having
small differences in typical ET values, seasonality was more pronounced in 2011
compared to 2010, particularly due to lower ET values early in the 2011 growing season.
Fig. 2-2 shows that throughout the 2010 growing season daily ET at both the INT and
DRY sites was often lower compared to the WET site with a median difference of -0.41
mm d! for INT and -0.56 mm d’! for DRY. In 2011, the differences between sites were
not as pronounced, particularly early and late in the growing season, with values of -0.13
mm d"' and -0.15 mm d" for INT and DRY respectively. Total ET over the growing
season was substantially higher at the WET site in 2010 (Table 2-2), with total ET
corresponding to 0.63 (WET), 0.49 (INT), and 0.48 (DRY) of the total rainfall over the
same period. In 2011, ET accounted for a greater proportion of total rainfall at all sites,

where total ET corresponded to 0.80 (WET), 0.72 (INT), and 0.72 (DRY) of total rainfall.
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When only periods of overlapping, high quality, non gap-filled data are
considered, the same general trends exist (Fig. 2-3). When simple error analysis was
applied to the data set (Eq. 7), we determined that, in 2010, ET at the WET site was
significantly greater than the other two sites, whereas ET at the DRY site was less than at
the INT site (Fig. 2-3). While ET at both WET and DRY sites was different from INT,
the magnitude of the difference was on the order of five times greater at the WET site. In
2011, the relatively large differences in mid growing season ET between the WET and
other two sites (Fig. 2-2) resulted in significantly different cumulative totals over that
period. However, later in the growing season, where daily ET values were similar, the
accumulation of random error resulted in there being no net significant difference in the
cumulative total ET. Because the fundamental atmospheric controls on ET (i.e., incoming
solar radiation and D) were the same between sites, the differences in surface radiative,
thermal, and biophysical properties were examined to explain the differences in ET
between sites, where significant.

2.4.2.2 Net radiation

Despite the potential for differences in surface radiative properties between sites,
the difference in half-hourly average net radiation at each site was small. In order to
investigate the significance of potential differences, a simple residual analysis was carried
out for each unique site combination. Based on the Kolmogorov-Smirnov test, all three
residual R,-pairs were non-normally distributed (p<<0.01; D = {0.190, 0.140, 0.215}; n =
{15131, 16320, 16273}), where there tended to be a strong clustering of residuals about

zero, with relatively infrequent yet large residuals (Fig. 2-4). Due to the non-normality of
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the residuals, the Wilcoxon signed rank test was used to determine whether the
distributions had a zero median. As a result of a lack of symmetry in the residual
distributions, all residual R,-pairs had medians significantly different from zero
(p<<0.01). However, in absolute terms, the median residuals were relatively small (-5.0, -
3.4, 0.49), with corresponding mean absolute deviations of 30.6 W m? 28.9 W m?, and
29.1 W m and root mean square errors of 57.4 W m'z, 44.1 W m'z, and 57.7 W m™
(WET-INT; WET-DRY; and INT-DRY). The results indicate that the median half-hourly
Ry.wet Was less than the other two sites.

It is important to note that these differences are based on half-hourly measured
values which are susceptible to small variations in local apparent cloud cover.
Differences in cumulative R, were tested by assuming only random error in R,
measurements, where the sum of square errors was generated from the estimated random
error associated with each measurement (cf. Moncrieff et al., 1996). A conservative
random error estimate equal to the midday flux value was used. If we treat the cumulative
sum as a mean, when summed over the growing season there was no significant
difference in cumulative R, between the INT and DRY sites (Table 2-2), while R;, yer Was
only significantly less than the other sites in 2010 (2010: p = 0.03, n = 8303; 2011: p =
0.16, n = 8039). Integrated across daily or larger time scales, we can assume the
differences in incoming solar radiation and the radiative sky temperature are negligible
given the close proximity of the three study sites. As such, the differences in net radiation
between sites are most likely attributed to surface albedo and/or the radiative temperature

of the surface.
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2.4.2.3 Albedo

Due to the strong variation of albedo with the angle of incident solar radiation,
average values were calculated based on measurements within 2 hr of solar noon. During
the 2011 growing season, daily variability of albedo was relatively small at the WET site,
where a significant positive trend (p<<0.01, n = 148) was evident throughout the year
(Fig. 2-5). In contrast, both INT and DRY had greater short-term variability, where a
small negative and non significant trend was apparent over the growing season for INT (p
=0.02, n = 140) and DRY (p = 0.04, n = 148) respectively. Due to mid-season equipment
problems with the downwelling shortwave radiometer in 2010, full growing season
albedo was not available. However, average midday albedo at the WET site was 0.21 and
0.15 in the early and late growing season of 2010, comapred to 0.13 and 0.17 in 2011.
The change in albedo over the same period was small for both the INT (2010: 0.23 and
0.21; 2011: 0.21 and 0.21) and DRY sites (2010: 0.22 and 0.19; 2011: 0.20 and 0.21).

2.4.2.4 Long-wave radiation

All else being equal, a simple radiation balance approach suggests that a lower
average albedo, such as that of the WET site, will be balanced by a higher surface
temperature, and thus greater outgoing long-wave radiation. The magnitude of the daily
average net long-wave radiation (L) was comparatively high at the WET site, such that
the slope of the relation between Ly wrr and Ly pry (p << 0.01, slope £ SE = 1.33 +
0.034, n = 275) was significantly greater than a 1:1 ratio (Fig. 2-6). The degree of
correlation of Ly pry With Ly, wer was only somewhat lower (R2 = 0.841) than with

LietNT (R2 = 0.966). In addition to the strong linear relation between Ly vt and Lyt pry
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over both growing seasons, the slope of the relation (p = 0.3034, slope + SE = 1.01 £
0.006, n = 276) was not significantly different from 1:1. These results lump both day and
nighttime measurements, as well as any changes throughout the season. Qualitatively, in
both study years there was no strong seasonal trend in the difference in L, between the
INT and DRY sites, nor were there frequent large half-hourly differences (RMSE = 7.5
w m'z, MAD =42 W m'z). The magnitude of half-hourly differences between Ly wet
and L, pry were greater (RMSE = 35.1 W m'z, MAD =255 W m'z), but the difference
was largely attributable to daytime (RMSE = 50.1 W m?, MAD = 38.7 W m™) versus
nighttime measurements (RMSE = 23.3 W m'2, MAD = 18.1 W m'z). Based on the
Stefan-Boltzman law, differences in L, between sites are related to the surface
temperature given their close proximity to one another. Although the surface radiative
temperature integrates both the canopy and peat surface temperature, in the absence of
canopy temperature measurements, differences in peat temperature measured at a depth
of 0.01 m provide a qualitative indirect comparison. For simplicity, we focus here on the
differences in near-surface temperature between the WET and DRY sites. Again, the
difference in half-hourly values was separated by day (K¢x > 100 W m?) and nighttime
(Kx <10 W m'z), where K is the modeled clear-sky incoming short-wave radition over
the growing season. WET hummock temperatures were higher compared to the DRY site
with a mean daytime and nighttime difference (+STDV) of 3.0 £ 2.7°C and 5.3 + 2.3°C,
respectively in 2010, and similarly for 2011: 4.5 + 2.1°C; and 4.1 + 3.1°C. In comparison
to the mean difference in hummock temperatures, the difference in near-surface hollow

temperatures between the WET and DRY sites tended to be smaller during both the day
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(2010: 1.9 £2.2 °C; and 2011: 0.7 £ 2.1 °C) and night (2010: 0.0 +2.0°C; and 2011: 0.7
+1.7°0).

2.4.2.5 Ground heat flux

Differences in peat thermal properties between sites and microforms associated
with 6 can have a strong influence on ground heat flux (G) where, for example, higher
average near-surface 6 at the WET site should lead to higher thermal admittance and a
greater partitioning to G. As a result of the relatively small microtopographic variation
and WTD, near-surface Gwgr nm Was consistently greater than Ginr num and Gpgy pum, With
values similar to Gwgrne. As a result, average midday Gwgr was higher compared to the
other sites (Fig. 2-7). Ginrum and Gprynm were numerically similar since they were
consistently dry throughout both study years, yet they were significantly different as a
result of near-surface Opgry n.m being consistently lower while having similar temperature
profiles. Overall, when the proportion of hummocks and hollows was factored in, a
greater proportion of R, was partitioned to Gyr than Gpgy. Overall, the energy available
(R,) for turbulent fluxes is the remainder of R, which is not consumed by G (Table 2-2).
The resulting cumulative daytime R, over the growing season was 1.63-10° MJ, 1.83-10°
MJ, and 1.86-10° MJ for the WET, INT, and DRY sites over 2010. Similarly, the
corresponding values for 2011 were 1.77-10° Ml, 1.90-10° MlJ, and 1.92-10° MJ. These
results indicate that in both study years, there was less available energy for turbulent
fluxes at the WET site. Therefore, in order to have higher ET at the WET site,
partitioning to LE must be disproportionally greater than the relative differences in R,

between sites.
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2.4.2.6 Energy partitioning

There was a relatively large range of variability in daily energy partitioning across
all sites in both study years, where the ratio of H to LE (f) was calculated based on the
sum of daytime flux values. Using a 7-day running average, distinct trends emerge from
the data (Fig. 2-8). In 2010, S was fairly distinct at all three sites where the WET site
tended to have the lowest average 5, whereas the DRY site had the highest average S,
with the INT site taking on intermediate values. However, in 2011, there was a much
closer correspondence between the running average £ at the WET and INT sites. While, f
ratio values were not available during the early 2011 growing season at the DRY site due
to instrument failure, during the mid growing season, f tended to be higher at the DRY
site, with average values becoming more similar towards the end of the growing season.
Independent of the differences between sites, there was a common seasonal trend in
2010, where g values tended to decrease towards mid growing season and then remained
relatively stable. A muted version of the same early season trend occurs in 2011, where
average mid to late growing season S values increased progressively, though only by a

small amount.

2.4.3 Controls on Evapotranspiration

2.4.3.1 Resistance

Under near-neutral stability, the linear relation (+SE) between u+k and u, (Eq. 5)
yielded the following estimates of zp for 2010: WET,o = 0.052 £ 0.003; INT,, = 0.065 +
0.027; DRY, = 0.11 £ 0.01 and 2011: WET, = 0.062 £ 0.009; INT,, = 0.078 £ 0.013;

and DRY, = 0.079 £ 0.06. In addition to the data on average microtopographical
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variation, estimates of zy suggest that the WET site was less aerodynamically rough
compared to the other sites. All else being equal, this would imply greater aerodynamic
resistance to evaporative losses at the WET site. However, when the distributions of
measured wind speed are considered, the average wind speed value was ~26% higher at
the WET site compared to the other sites in both study years. As a result of the negative
correlation between wind speed and r,, median midday r, wgr was often significantly less
than r, vy and r,pry (p<<0.01) as a result of small standard error estimates, with the
exception of r,wer and r, vy in 2010 (p = 0.08). Nevertheless, median daytime values
within sites and between years were fairly similar (v, wgr — 55.5 s m' 5425 m'l; Fam,INT —
56.5sm”,52.2sm"; and rampry — 57.5 sm™, 58.2 s m™).

Despite the differences in r, being statistically significant, the small absolute
difference between sites and years would have a small effect on differences in total ET.
The variability in r; between sites, however, tended to be greater compared to r,. Overall,
if we consider median daytime r; values between sites and years, rywer was 42.3 s m’!
and 44.3 s m'l, ro vy Was 55.2's m'and 42.3 s m'l, and rypry was 87.3 s m'and 743 s m’
! for 2010 and 2011, respectively. Qualitatively, ry at all sites trended downwards during
the 2010 growing season, while only the WET site varied seasonally in 2011, with a
slight increase towards the end of the growing season. Using a simple linear regression,
all negative trends in 2010 were significantly different from zero (p<<0.01). In 2011 only
rs wer had a slope significantly different from zero (p<<0.01), whereas r v and r, pgy did
not (pir = 0.449 and ppry = 0.02). A Jarvis-type phenomenological model for stomatal

resistance (ry) is typically written as a function of solar radiation, D, and some metric of
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water availability. Given an appropriate scaling factor for LAIL r; is related to ry and peat
surface resistance. Since incoming solar radiation does not vary greatly between sites, the
relation between r; and D was investigated using equation (Eq. 6). Comparing the two
growing seasons, the relation between r; and D only changed appreciably at the WET site
where bin-averaged r, values shifted higher for most D classes in 2011 (Fig. 2-9). In both
growing seasons, bin-averaged r, values were often highest at the DRY site, where based
on the standard error estimates, the difference was only significant between the WET and
DRY sites in 2010. Overall, the difference between the WET and INT sites was less
distinct, where only rg in low D classes were significantly different in 2010. The D-r;
relation only tends to increase at low D and remains relatively constant over a range of D
classes. The relative insensitivity of r; to D would suggest that the sites are decoupled
from atmospheric demand. The Jarvis-McNaughton decoupling coefficient (€2) can be
used to investigate the degree to which ET is linked to D through strong turbulent mixing
(low Q values) or R, (high Q values). Broadly, all three sites have high Q-values in both
study years, where median Qwgr was 0.83 and 0.79, Qnt was 0.76 and 0.80, and Qpry
was 0.71 and 0.73. The sites exhibit variable seasonal trends in €, where at the WET site
Q) tended to increase early in the growing season to a mid-summer high. In 2010, Q
remained high until the end of the growing season, while in 2011 Q followed more of a
parabolic trend by decreasing gradually from the mid-summer high. The trend in Q for
both INT and DRY sites in both study years more closely resembled that of the WET site

in 2011, with a shallow seasonal parabolic trend.
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2.4.3.2 Water table depth

Because WTD integrates the variable behavior of hummocks versus hollows, and
Sphagnum versus vascular vegetation it was chosen as a simple metric to investigate the
effect of moisture availability on ET. ET was first normalized by potential ET (PET) so
that the seasonal effect of changing R, was removed (Fig. 2-10). Overall given the
magnitude of standard error estimates, ET/PET did not tend to vary significantly over the
range of measured WTD for all sites over both growing seasons. Qualitatively, ET/PET
appeared to be more responsive to WTD class in 2010, where values decreased slightly
when WTD was below the average peat surface. In 2011, however, there was no apparent
trend with WTD. In 2010, each site had a distinct modal peak in the WTD distribution
towards the respective high ends on the WTD distributions, whereas the WTD
distributions were relatively broad and flat in 2011. In 2010, this limited direct
comparison of the ET/PET vs. WTD relation over the same WTD classes. In 2011,
comparing the region of overlap between the WET and INT sites, ET/PET tended to be
lower for INT. The same relation was investigated but with wet canopy conditions
removed, where the vascular canopy was assumed to be wet during and for several hours
following rainfall events. The same general patterns exist for dry canopy conditions in

both study years.
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2.5 Discussion

2.5.1 Evapotranspiration

A direct comparison of peatland ET rates between studies is problematic due to
differences in hydrology (e.g. fen v. bog), vegetation type (e.g. sedge v. Sphagnum
dominated or treed v. open), growing season R, associated with latitude, and prevailing
synoptic weather conditions. In a mesocosm study, total ET from fen plots was found to
be greater compared to bog plots over the snow-free season (Bridgham et al., 1999),
where the difference was largely associated with the lack of Sphagnum cover in the fen
plots and low early-season ET. This is in contrast to our study sites which all have near-
total groundcover by Sphagnum. Synoptic weather conditions can play an important role
where, for example, coastal peatlands tend to have relatively low ET regardless of WTD
due to small vapour gradients associated with the low D of offshore winds (Sottocornola
and Kiely, 2010; Liljedahl et al., 2011). Thus, comparing Sphagnum-dominated peatlands
of a similar latitude and general synoptic weather conditions, maximum ET at our sites
were similar to a northern Minnesota open fen (4.8 mm d' - Kim and Verma, 1996) and
a southern Ontario bog (4 to 5 mm d!' - Lafleur er al., 2005).

In peatlands, R, is often the dominant control on ET, however there are
physiological limitations to transpiration imposed by vascular vegetation due to the
response of ry to D (Humphreys et al., 2006) particularly as vascular LAI and canopy
height increases. A strong positive correlation between ET and R, has been shown on
both a daily (Sottocornola and Kiely, 2010; Wu et al., 2010) and seasonal (Brummer et

al., 2012) timescale for peatland sites. Moreover, Sonnentag et al. (2010) demonstrated
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that R, explained twice the variance in ET compared to D at a minerotrophic fen. Given
our high Q values, the strong control of R, on ET was also evident at our study sites.
However, because the WET site had lower R, compared to the other two sites, and D was
the same across our sites due to their close proximity to one another, these controls on ET

cannot explain the differences observed, particularly during the 2010 growing season.

2.5.2 Albedo and Surface Temperature

Although R, is similar between sites, differences in surface albedo which is linked
to surface wetness may affect surface temperature, and thus may help to explain the
differences in ET between our study sites. In the absence of disturbance, surface albedo at
a northern boreal fen has been shown to vary in response to leaf phenology, ranging
between 0.09 and 0.18 during the growing season (Lafleur er al., 1997). A similar
growing season trend is reported by Kellner (2001) for a Swedish bog, but with albedo
being on average 0.01 lower on wet versus dry days. Moreover, a qualitative relation
between albedo and peat wetness was suggested for another bog in Central Sweden
where daily albedo was shown to gradually increase over the growing season from 0.12
to 0.17 as the peat progressively dried (Phersson and Pettersson, 1997). Although plant
phenology could play a role in the seasonal development of albedo at the WET site, 2010
albedo data suggests WTD is a more important factor. In particular, due to the relatively
low albedo of open water (Oke, 1987), ponding in hollows would result in a lower albedo
at the WET site; where ponding area for our sites could be estimated from WTD and the
proportion of hummocks and hollows. Average early and late 2010 growing season

albedo values coincided with a WTD trend that was initially low and remained high
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during the mid and late growing season. In 2011, the growing season trend in albedo at
the WET site qualitatively corresponds with a decreasing WTD, where early season
WTD was above the mean peat surface. Due to the large proportion of the WET site
covered by hollows, a high WTD would coincide with significant surface ponding. This
is in contrast to the INT and DRY sites were the WTD was consistently below the mean
peat surface throughout the study period, and where hollows represent a decreasing
proportion of the surface. There was no trend in surface albedo at the INT or DRY site
that could be clearly linked to vascular plant phenology or WTD, where the higher
average albedo at the INT and DRY sites is consistent with a lack of ponding at these two
sites. Despite similar covariance in albedo at the INT and DRY sites, there was no
definitive correlation with surface wetness or rainfall events. Although there was no
apparent trend in albedo at the INT or DRY sites associated with WTD, the relatively
stable 6. s ,,» for hummocks suggests that Sphagnum was not desiccating, thus there was
likely no whitening response as has been observed by other studies (McNeil and
Waddington, 2003).

Although a lower albedo does not necessarily lead to greater available energy for
turbulent fluxes, all else being equal, a lower albedo will result in a higher surface
temperature. If we assume that the difference in average incoming long-wave radiation is
negligible between sites when integrated over a daily time step, we can infer that
differences in daily net long-wave radiation can be attributed to differences in outgoing
long-wave radiation (i.e. surface temperature). The lower average daytime net long-wave

radiation at the WET site implies a higher integrated surface temperature. Higher near-
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surface (0.01 m depth) peat temperatures were also measured in both hummocks and
hollows at the WET site which would help contribute to the apparent higher surface
radiative temperature at the WET site. The degree and importance of surface heating on
energy partitioning depends on the thermal conductivity of the surface and the LAI of the
vascular canopy. For a saturated high porosity surface, such as in peatlands, a relatively
large portion of additional energy associated with a lower albedo will be used in heating
the soil profile due to the high thermal admittance of water versus air, thus increasing
potential evaporation due to the effect of temperature on the saturation vapour pressure.
Due to the dependence of G on near-surface 6, all else being equal, peatlands with a
greater proportion of hummocks, or conversely, peatlands with greater microtopographic
variation will tend to have lower average G. At both the INT and DRY sites, the effect of
the contrast in surface wetness is apparent in the significant difference in median values
(o = 0.05) between Gyyy and Ggor, (Fig. 2-7). Kellner (2001) similarly showed higher G
as a proportion of R, in hollows versus hummocks. In comparison, the small average
microtopographic variation between hummocks and hollows at the WET site lead to no
significant difference in G due to similar high @ in both microforms. When combined
with a slightly lower R;, the higher average G of the WET site leads to lower available

energy for turbulent fluxes at the WET site.

2.5.3 Energy Partitioning
Differences in energy partitioning between the study sites cannot be explained by
higher average midday near-surface temperature at the WET site alone using a ‘big-leaf’

model. Assuming the surface vapour pressure is near saturation, all else being equal, a

53



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

higher surface temperature would increase f in favour of the sensible heat flux. Despite
low values of 6. s », the assumption of near-saturated vapour pressure at the surface may
not be unreasonable for hummocks at the INT and DRY sites. Over the course of the
growing season, daily O;n7 num -0.0s and Oprynum -0.0s did not change substantially at the daily
time step in response to evaporative losses. Furthermore, the decrease in Oy7 pyum,-0.0s and
OpRrynum,-0.05 in 2011 with an increasing WTD was only slight. This suggests that either: (i)
a negligible amount of water is being lost from the moss surface; (ii) capillary transport is
able to replenish evaporative losses at a daily time step; or (iii) an extreme hydrological
gradient exists between the moss surface and the 6.5 , measurement level. Differences
in energy partitioning can perhaps be better explained by dual-source models where the
lower LAI at the INT and DRY sites limit transpiration in comparison to the WET site,
while increasing the relative contribution of moss surface evaporation. Evaporative losses
from the Sphagnum surface have been shown to be relatively high given an LAI of 0.4 to
0.7 m> m? (Kim and Verma, 1996), but the contribution of moss evaporation to total ET
is reduced when surrounded by vascular vegetation (Heijmans et al., 2004) where our
LAI values are much higher than those reported by Kim and Verma (1996). Moreover,
despite the potential small contribution from the moss surface given our relatively high
LAI values, land surface schemes such as CLM include a moisture dependent empirical
term to limit surface evaporation which is meant to be a surrogate for molecular diffusion
in the unsaturated zone (Lawrence et al., 2011). Thus, we would expect that the greater
proportion of hummocks and low near-surface € at the INT and DRY sites would serve to

further limit total moss evaporation, and thus measured ET.
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2.5.4 Aerodynamic and Surface Resistance

In general, our zp values are higher than the range of values of 0.02 — 0.03
reported for a Swedish bog (Kellner, 2001), and are at the higher end of the range
reported for a Siberian bog (Shimoyama et al, 2004). In a west Siberian bog, a
qualitative relation was shown to exist between vascular development and increasing zp
which, all else being equal, would enhance ET (Shimoyama et al., 2004). However,
because the average microtopographic variation is different between our sites, it is
difficult to separate the effect of vascular vegetation and microtopography on gzo.
Nevertheless, the difference in the magnitude of zy is proportional to the difference in
microtopographic variation. The lower surface roughness of the WET site corresponds
with r, values which are higher across wind speed classes. In the absence of any other
resistance term, the higher r, would lead to lower ET at the WET site. However, in
addition to the shading effect of vascular vegetation, a higher LAI would increase
resistance to moss evaporation by reducing near-surface turbulent transport (Campbell
and Williamson, 1997; Heijmans et al., 2001), thus counteracting increases in
transpiration.

Although it has been suggested that the similarity in ET between peatland sites is
the result of similarity in r; - D relations despite differences in vegetation types
(Humphreys et al., 2006), our results suggest that the difference in peatland ET between
sites is the result of the variable response of r; to D despite having the same vegetation
community composition. Again, the dependence of r; on D using Eq. 6 should be noted.

Since there are no large differences in other components of the combination equation, r;
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is forced to correlate with difference in ET between sites. Nevertheless, a number of
peatland studies show a strong response of r; to D at low D, whereas r, tends to be less
variable at higher D. Our results show a similar pattern where the average r, only varies
significantly below a daily average D of 0.5 kPa. The difference in average r; may be
related to differences in ry, which have been shown to vary between plant functional
groups (Korner et al., 1979). While each site has the same basic community composition,
the correlation between microtopography and plant functional group results in a greater
proportion of graminoids at the WET site, and shrubs at the INT and DRY sites. Admiral
and Lafleur (2007) show that shrub species on a raised bog generally have higher
stomatal resistance compared to other wetland species. A higher stomatal resistance
combined with lower LAI at the INT and DRY sites would have a compound effect in
reducing r,;. In addition to the potential effect of variable ry between plant function
groups, the ry— D relation does not account for any temporal relation between WTD, LAI,
and D. D has a strong seasonal progression with low average daily values in the winter
and high values in mid-summer due to the non-linear positive correlation with
temperature. Therefore, if water availability influences ry, then it is not simply the degree
of water availability that will affect r, but also the temporal sequence of variability due

to the regular seasonal progression of D.

2.5.5 Evapotranspiration and Water Table Position
The relation between WTD and ET in peatlands was supported by earlier research
(Ingram, 1983), and has been a continuing area of study, in part, due to the relative

complexity of modelling physical peat hydrology. However, due in part to the non-linear
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relation between WTD and € (Kellner and Halldin, 2002), and heterogeneity in peat
surface dynamics (Waddington et al., 2010), there remains no definitive link between ET
and WTD in peatlands. For example, a number of studies have demonstrated that there is
no significant relation between ET and WTD when ET is normalized by PET or R,
(Shimoyama et al., 2004; Humphreys et al, 2006; Parmentier et al., 2009; Sottocornola
and Kiely, 2010; Wu et al., 2010). However, some of these relations were developed for a
relatively shallow WTD (i.e. Sottocornola and Kiely, 2010; Wu et al., 2010) while others
were in peatlands with near-surface 6 retention that was uncharacteristically high (i.e.
Parmentier et al., 2009) compared to undisturbed Sphagnum-dominated peatlands. Other
studies, however, have shown a weak to moderate relation between ET and WTD (Kim
and Verma, 1996; Lafleur et al., 2005; Sonnentag et al., 2010), where for a deep WTD, a
threshold response may exist which corresponds to the rooting depth of woody
vegetation.

In general, our results suggest there was no simple univariate relation between
ET/PET and WTD. For the WET site, ET/PET was greater when WTD was above the
mean peat surface, but only in 2010. This implies that either WTD (as a proxy for water
availability) is only a short-term control on ET that depends on when drying occurs
within a growing season, or that WTD was simply better correlated with another ET
control in 2010. Given the length of time since disturbance, we would expect that the
rooting depth at our sites would be adapted to the average or typical range of WTD (cf.
Mitsch and Grosselink, 2000). Consequently, the threshold response of ET/PET to WTD

reported by Lafleur ef al. (2005) may imply that a threshold response of ET/PET to WTD
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is predicated upon large inter-annual differences in WTD, rather than due to longer term
persistent dry conditions. Under dry conditions, vascular vegetation will respond with
increased fine-root production at depth, and a greater proportion of resources allocated to
biomass production in stems versus leaves (Murphy and Moore, 2010). Greater fine root
production at depth suggests the mechanism which limits any relation between ET/PET
and WTD for peatlands with high LAIL. Moreover, the lower LAI at the INT and DRY
sites, as well as the relatively high PAL:LAI ratio at the DRY site could be the result of
past changes in resource allocation between woody and herbaceous structures in response
to drying. Therefore the WTD may have an indirect control on ET at our sites through

long-term changes in LAL

2.6 Conclusions

Overall, despite large differences in WTD, all sites experienced similar energy
partitioning with an average f ratio less than one. Significant differences in albedo were
likely the result of the timing of shallow WTD (i.e. ponding), but where lower albedo at
the WET site was balanced by greater long-wave losses due in part to high nighttime
surface temperatures, particularly in hollows. Given the similarity in ET between sites,
particularly in 2011, and the relative insensitivity of ET/PET to WTD fluctuations, one
can infer a degree of resilience in peatland ecosystems to long-term drying under
projected future climate change. Despite the relative insensitivity of r; to the typical
midday range in average D and high Q associated with the relatively low z, of peatland
microtopography and short vascular plants, higher D will result in greater ET loss from

peatlands and lead to an increased WTD (Roulet et al., 1992). This, however, ignores
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potential long-term responses of microtopography, shifts in the relative abundance of
plant functional groups, or changes in LAI. From the standpoint of vascular vegetation,
neither short-term changes in WTD nor near-surface 6 are likely to systematically limit
transpiration due to the long-term response of rooting depth and fine root growth to
average WTD, but where long-term changes in WTD will affect maximum ET through
the impact on LAIL

In comparing ET from the WET to INT and DRY sites, our results suggest that
the potential long-term effect of WTD on LAI should be incorporated into future land
surface schemes since this appears to be one of the primary mechanisms which serves to
limit ET. Moreover, microtopography, particularly as it correlates to plant functional
groups, needs to be included since, in addition to LAI, differences in ry provides the
mechanism for explaining difference in r; where LAI is relatively high. Despite our
relatively large LAI values, the results of our study imply a need for a greater
understanding of the limitations on water transport processes in the moss layer,
particularly as it relates to moss resistance, where we observed that dry hummocks were
able to avoid complete desiccation despite low WTD and high daily ET. Vertically-
stratified representations of different peatland vegetation layers in process ecosystem
models (e.g., Sonnentag et al., 2008; Lawrence et al., 2011) can help to elicit whether
moss evaporation is limited by vascular canopy properties or moisture supply from the
underlying peat, where alternative empirical formulations can be used to better

understand moss resistance.
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2.9 Tables

Table 2 - 1: Summary of microtopography and vegetation characteristics across study
sites.

Variable WET INT DRY

Avg. height (m) of hummocks (+SE)  0.15 (0.01) 0.30 (0.02) 0.41 (0.03)
Proportion of hummocks and hollow® 0.41/0.59 0.52/0.48 0.63/0.37

pH (+SE)’ 4.10 (0.06) 3.77 (0.02) 3.69 (0.01)
LAT* (m* m™) — hummocks (+SE) 2.7(0.18) 1.5(0.06) 1.9(0.19)
LAT* (m*> m™) — hollows (+SE) 2.0(0.32) 1.9(0.45) 1.3(0.04)
Plant Area Index’ (m* m?) 2.8(0.52) 1.9(0.18) 2.6(0.27)

' _ Height based on the difference in measured WT depth for adjacent hummock/hollow
pairs at each site (n = 20).

> _ Proportion based on a transect survey across orthogonal axes of each site;
microtopography classified by relative elevation, slope, and vascular community (n = 249
to 386).

- pH based on random sampling of near-surface pore water at each site (n = 7).

% _ Leaf area index based on destructive sampling of 0.25 m* hummock and hollow plots
(n=4)

> _ Plant area index based on gap light photography of hummock and hollow plots (n = 4)

Table 2 - 2: Summary of average climatological and flux variables for the study area.

Variable 2010 2011
Climatological growing season DOY: 136 - 306 DOY: 130 - 303
GDD' (total / growing season) 1721 °C /1567 °C 1601 °C /1558 °C
Rainfall (total/dry days /avg. 660 mm /96 days /8.2 470 mm / 112 days /7.1
dpth) mm mm
WET: 1.03 (417) WET: 0.93 (378)
Flr(())%\lﬁfn-z (& mm) INT: 0.80 (323) INT: 0.84 (340)
DRY: 0.77 (314) DRY: 0.82 (336)
¥ WET: 1.70 (0.04) WET: 1.82 (0.05)
T(());[ai\l/[l;;f.iz- std. dev.) INT: 1.86 (0.04) INT: 1.92 (0.04)
DRY: 1.86 (0.04) DRY: 1.92 (0.05)
+ WET: 0.076 (0.002) WET: 0.065 (0.008)
1oL Getd dev.) INT: 0.026 (0.002) INT: 0.021 (0.006)
DRY: 0.007 (0.001) DRY: 0.010 (0.005)

" Cumulative growing degree days (GDD) were calculated using the method established
by the Atmospheric Environment Service, Environment Canada, using a base temperature
of 5 °C.

"~ The sum of square errors is calculated by assuming each half-hourly measurement has
no systematic error and a maximum random error equal to the midday flux value.
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2.10 Figures
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Figure 2 - 1: Daily total rainfall (bars) and water table levels (a and c) for the WET
(solid), INT (dash-dot), and DRY (dot) sites. Volumetric water content (three day
average shown for clarity) at all three sites (b and d) measured at 0.05 m depth in a
representative hummock (grey) and hollow (black) over the 2010 (top) and 2011 (bottom)
growing seasons.
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Figure 2 - 2: Daily total gap-filled evapotranspiration at all three study sites over the 2010

and 2011 growing seasons. INT and DRY traces represent the difference in daily
evapotranspiration relative to the WET site.
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Figure 2 - 3: Cumulative sum of all common half-hourly evapotranspiration

measurements (thick black lines) for WET (solid), INT (dash-dot), and WET (dashed)
sites where quality control flagging system indicated high quality data based on integral
turbulence characteristics, wind direction, stationarity, and a u« threshold of 0.1 m st
Significant differences between sites (thin grey lines) are relative to the INT site and are
based on an assumption of purely random error (Moncrieff et al., 1996).
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Figure 2 - 4: Empirical cumulative distribution functions of residual half-hourly R, values
between all sites from DOY = 120 — 300, for 2010 and 2011. Vertical bars represent the
2.5™ and 97.5"™ percentiles.
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Figure 2 - 5: 7-day running average midday albedo across all study sites during the 2011
growing season.
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Figure 2 - 6: Correlation of daily average long-wave radiation against the DRY site for
2010 and 2011 growing season data combined. The linear relation between sites is
represented by the solid (WET v. DRY) and dashed (INT v. DRY) lines. For clarity, the
relation between WET and INT has been omitted due to the close correspondence
between INT and DRY.
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Figure 2 - 7: Boxplots comparing daytime ground heat flux for both 2010 (black) and
2011 (grey). Standard error estimate of the median is represented by the solid dots, and
outliers by the crosses. Letters bellow each boxplot indicate where there are significant
differences in the median.
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Figure 2 - 8: Daily Bowen ratio for all three sites over the 2010 and 2011 growing seaons.
Lines represent the 7-day running average Bowen ratio for WET (solid), INT (dash-dot),
and DRY (dashed) sites.
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Figure 2 - 9: Median half-hourly daytime (Kgyn, > 100 W m'2) bulk surface resistance for
2010 (a) and 2011 (b) binned based on vapour pressure deficit with 100 values per bin.
Error bars represent the standard error estimate of the median. The grey line represents
the cumulative distribution of D.
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Figure 2 - 10: Relation between normalized ET and bin-averaged WTD for 2010 and
2011 growing seasons. Grey curves represent the relative frequency distribution of WTD.
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CHAPTER 3: MICROTOPOGRAPHIC AND VEGETATION
CONTROLS ON PEATLAND EVAPOTRANSPIRATION ACROSS A

LONG-TERM WATER TABLE MANIPULATION GRADIENT

3.1 Abstract

A peatland complex disturbed by berm construction in the 1950’s was used to
examine the long-term impact of water table (WT) manipulation on microtopography,
vegetation and partitioning of evapotranspiration (ET) at three adjacent sites with
increasing depth to WT (WET, INTermediate, and DRY). The relative abundance of the
dominant vascular species (Chamaedaphne calyculata and Carex oligosperma) within
microforms were unaffected by WT treatment, but hummocks at progressively dryer sites
were taller in relation to hollows and covered a greater proportion of the surface. The
difference in microtopographical variation had a significant impact on surface moisture
where there were large differences between hummocks and hollows at the WET and INT
site, but with no significant difference at the DRY site. Despite the shift to dryer surface
conditions, there was no significant change in the relative abundance of the dominant
Sphagnum species in hummocks (S. capillifolium) and hollows (S. angustifolium) across
the WT treatments.

Averaged across microforms and WT treatments, there was a difference in the
median measured leaf resistance (r,.s) between plant functional types ranging from 213 s
m’! for erect dwarf shrubs, 325 s m’! for sedges, and 520 s m’! for prostrate dwarf shrubs

Erect dwarf shrubs with a low r,, dominated hummocks, but sites with a higher
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proportion of hummocks had lower total ET due to lower LAI where median scaled
canopy resistance (r,) was 112 s m'l, 172's m'l, and 168 s m™ at the WET, INT and DRY
sites respectively. A three-source model was used to assess the evaporative contribution
from the moss surface, with 22 — 45% of total ET estimated to come from the moss
surface. LAI and the relative proportion of microforms controlled the overall magnitude
of moss evaporation and partitioning between hummocks and hollows, while surface
wetness had a greater effect on temporal variability particularly at the WET site and in
hummocks. Porometry measurements and functional relations with light and atmospheric
moisture demand were used to model canopy transpiration where results correlated well
with the three-source model. For moderate persistent changes in WT from land-use or
climate change, our results suggest vegetation succession 1is minimal, but
microtopographic development and the concomitant change in leaf area for the various

plant functional types is key to understanding changes in total ET and sourcing.

3.2 Introduction

Peatlands store approximately one-third of global soil carbon (Gorham, 1991) and
provide valuable ecosystem services (Vitt et al., 2000), including the maintenance of
biodiversity (Rydin et al., 2006), and conservation of water resources (Devito et
al., 2013). In areas where peatlands are abundant, these ecosystems can have a
significant impact on regional climate through surface-atmosphere exchanges of mass
and energy, where evapotranspiration (ET) is a large component of the water balance
across peatland types (Price and Maloney, 1994; Kellner and Halldin, 2002). Uncertainty

exists on how predicted changes in climate will influence peatland ecosystems (Frolking
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et al., 2011) where the presence of non-vascular surface cover of Sphagnum mosses and a
relatively short sparse canopy of vascular plants makes peatlands a particular challenge to
energy balance modelling efforts. Moreover, the spatial heterogeneity in the form of
microtopography that exists in many peatlands results in distinct differences in moisture
and vegetation regimes between relatively low lying wet hollows and raised dry
hummocks (Andrus et al., 1983). In general, micrometeorological studies have
recognized the importance of the understory contribution to ecosystem scale
evapotranspiration (ET) (e.g. Kelliher et al., 1990; Baldocchi et al., 1997; Baldocchi et
al., 2000; Blanken et al., 1997), where controls on surface evaporation and canopy ET
can be out of phase in cases where the plant functional type of the canopy and
surface/understory differ (Balddochi et al., 2004). For peatlands, differences in
phenology between vascular and non-vascular vegetation may lead to different sourcing
of water vapour throughout the season. A short vascular canopy with a low to moderate
leaf area index (LAI), particularly early in the growing season, may allow for
considerable contribution of the ground surface in the energy balance (e.g. Admiral and
Lafleur, 2007). Unlike vascular vegetation, Sphagnum lacks internal conductive tissue for
accessing water and stomata for restricting water loss (Clymo and Hayward, 1982).
Therefore, the physiological mechanisms which control water loss are fundamentally
different in Sphagnum, where water loss is thought to be limited by the ability of
Sphagnum and the underlying peat to draw water up from the water table (WT) by
capillary action (Hayward and Clymo, 1982), and to a lesser extent, by the diffusion of

water vapour through the unsaturated zone (Price et al., 2009). This complicates

81



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

modelling of peatland ET since the response of moss evaporation to drying are largely
unknown, where both empirical moisture response curves (Sonnentag et al., 2008;
Lawrence et al., 2011) and more physically-based controls using surface pore water
pressure based on Sphagnum and peat moisture-retention properties have been used
(Letts et al., 2000; Lawrence and Slater, 2008; McCarter and Price, 2013).

In addition to the uncertainty in moss evaporation, few studies have used field
measurements to determine the relative contribution and variation in canopy ET due to
vegetation composition or coverage within or between sites (e.g. Takagi et al., 1999;
Admiral and Lafleur, 2007). The relative abundance of vascular vegetation within a given
peatland will dictate whether a peatland can be modelled using a big-leaf model with ET
partitioned into soil, vegetation, and interception loss components such as in the
ORCHIDEE land surface scheme (Ducoudre et al., 1993), or if a more detailed dual
source model is required (Kim and Verma, 1996; Lafleur et al., 2005). The Canadian land
surface scheme (CLASS) and Community Land Model have recognized the importance
of both organic soils (e.g. Letts et al., 2000; Lawrence et al., 2008) as well as the need for
a dual source model to better characterize surface evaporation (e.g. Verseghy, 1993;
Lawrence et al., 2011). Nevertheless, despite having dual source ET and organic soil
parameterization, Comer et al. (1999) show that CLASS does not simulate ET well for
peatlands with a sparse vascular canopy or conversely where spatio-temporal variations
in surface wetness are significant, suggesting a potential need for better parameterization

of moss evaporation.
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Given that climate change is expected to cause large-scale drying in northern
peatlands (e.g. Roulet et al., 1992) it is likely that hummocks will become more prevalent
and there would be concomitant increase in the relative abundance of above-ground shrub
biomass (Weltzin et al., 2003). Given that increasing vascular cover has been associated
with higher ET in peatlands and a difference in seasonality (Takagi ef al., 1999) this
suggests a positive feedback to long-term drying effects would occur. However, a lower
WT will likely increase fine root production (Weltzin et al., 2000) and nutrient
availability (Macrae et al., 2013) which may serve to limit LAI and have a negative
impact on leaf conductance (Schulze er al., 1994). Nevertheless, we argue that these
studies point to a need for land surface scheme peatland classifications to include both
‘dynamic microforms’ and ‘dynamic vegetation’ that provides the ability for
microtopography and plant functional groups to change through time as a result of the
changing environmental conditions.

Despite the need for an improved understanding of long-term peatland response to
climate change, research is limited on the effects of multi-decadal hydrological
alterations on peatland vegetation dynamics (Miller 2011). Moreover, most long-term
WT drawdown studies are from peatlands drained for forestry and agriculture by ditching
which results in WT drawdowns greater than 0.30 m (Wells and Williams 1996;
Sundstrom et al. 2000; Laiho et al. 2008) and is in excess of the 0.14 cm WT drawdown
predicted for northern peatlands under a future climate change scenario (Roulet et al.
1992). Consequently research is lacking on more subtle (i.e £ 0.15 m) long-term (> 50

years) WT alteration effects on vegetation composition, surface morphology, and
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associated energy balance dynamics that more realistically reflect the conditions
predicted for northern regions in the next century. Within this context, the objectives of
this study were to examine ET at multiple peatland sites across a hydrological gradient
that were subject to long-term WT manipulation in order to: (i) assess the relative
importance of surface evaporation and canopy transpiration to total ET; (ii) assess the
effect of microtopography on surface wetness and surface evaporation; and (iii) examine
the link between the water table gradient, microtopography, and seasonality on vascular
species composition, LAI, and leaf-level conductance. While studies have shown the
usefulness of two-source models in analyzing energy balance partitioning, by modifying
the two-source energy balance model of Kim and Verma (1996) by considering
hummock and hollow surfaces separately, we examine the effect of differences in LAI
between microforms as well as the effect of surface wetness on energy partitioning. By
linking porometry measurements to ecosystem scale measurements, the relative
contributions of vascular plant transpiration and Sphagnum evaporation to total ET can be

estimated and compared to model results.

3.3 Methods

3.3.1 Study site

The study area is located in the Seney National Wildlife Refuge (SNWR) in the
Upper Peninsula of Michigan (46.20° N, 86.02° W, elev. ~205 m a.s.l.). The region is
characterized by relatively flat topography which slopes towards the south-east at 1.1 —

2.3 m km™ (Heinselman, 1965). Land cover consists primarily of upland forests (67%),

84



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

and open peatlands (20%), while the remainder of the region is made up of mostly
forested swamps and open water (Casselman, 2009). Wet sand of glacial origin overlies
the regional bedrock up to a thickness of 60 m (Albert, 1995). Surface soils throughout
SNWR are mostly a complex of poorly drained muck and sand, while the study area itself
contains poorly drained peats (Casselman, 2009).

The peatland complex within SNWR is subdivided by a combination of upland
sand ridges of lacustrine origin, creeks, old drainage ditches, as well as a network of
roads and berms constructed mostly during the late 1930’s and early 1940’s by the
Civilian Conservation Corps (Kowalski and Wilcox, 2003; Wilcox et al., 2006) for the
purpose of creating open water habitat for migratory birds. Berm construction at our
study site resulted in the up-gradient impoundment of water, thus locally reducing down-
gradient water inputs by re-routing water surplus through the water-control structure on
Marsh Creek. Our measurement locations were chosen to take advantage of this natural
experiment, where Fig. 3-1 shows the location of our three sites with different WT
regimes in relation to the berm and the general direction of surface and groundwater
flow.

All three study sites are located in the southern portion of the SNWR peatland
complex. Dominant vegetation at all three peatland sites consists of a ground cover of
Sphagnum species, an overstory of vascular shrubs and graminoids, and conifers in the
surrounding uplands and the margins at the INT and DRY sites (see Moore et al., 2013 or
Hribljan, 2012 for details). The WET site is considered a poor fen and the INT and DRY

sites both bogs based on pH and vegetation composition (c.f. Bedford and Godwin,

85



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

2003), but where pH decreases and microtopographical variation increases (Table 3-1)
from WET, to INT, to DRY. Height variation between hummocks and hollows was based
on the difference in measured WT depth for adjacent hummock-hollow pairs at each site
(n = 20). Proportional cover was based on a transect survey across orthogonal axes of
each site at 2.5 m intervals (n = 249 to 386). Microtopography was classified as
hummock, ridge, or hollow using relative elevation, slope, and vascular community, with
ridges aggregated into hummocks and hollows.

Based on the 1981-2010 climate normals from the Newberry 3S weather station
(46.32° N, 85.50° W, elev. ~260 m a.s.l.) ~45 km from the study sites, the area has an
average annual temperature of 5.6°C and receives 784 mm of precipitation, where greater
monthly totals occur during May through October (NOAA NCDC, 2012) compared to

other months.

3.3.2 Evapotranspiration and supporting measurements

Site scale evapotranspiration was measured at all three sites using standard eddy
covariance (EC) equipment based on the method described by Baldocchi et al. (1996).
Three component wind speed and sonic air temperature were measured using a CSAT3
3D sonic anemometer-thermometer (Campbell Scientific Inc. (CS), Logan, Utah), and
water vapour concentrations were measured using an LI-7500A open-path infrared gas
analyzer (IRGA) (LI-COR Biosciences, Lincoln, Nebraska). Details regarding EC sensor
placement, measurements, high-frequency data processing, corrections, and quality
assurance are presented by Moore et al. (2013). Radiation measurements were made

using a combination of CMP3 (CS), NR-LITE net radiometers (CS), and CNR2 net short
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and long-wave radiometers (CS). A CNR2 was used at the INT and DRY sites, while an
NR-LITE was used at the WET and INT sites. Both types of net radiometers were used at
the INT site to provide a continuous cross-comparison of instrument type in order to
correct for any systematic bias. Supplementary air temperature and relative humidity
(RH) were measured using an HMP45C (Vaisala Oyj, Helsinki, Finland) temperature and
relative humidity probe. Peat temperature profiles were measured in a representative
hummock and hollow at each site using T-type thermocouple (Omega Engineering, CT,
USA) wire inserted at depths of 0.01, 0.05, 0.1, 0.2, and 0.5 m relative to the local
surface. Soil moisture profiles were measured using CS-616 water content reflectometers
(CS). Volumetric moisture content (6) sensors were installed at all three sites in a
representative hummock and hollow at depths of 0.10, 0.20, and 0.30 m relative to the
surface, with an additional sensor at 0.45 m in hummocks. The correction of Hansson and
Lundin (2006) was first applied to the measured CS-616 period values before calculating
6 using the three-phase mixing model for peat (Kellner and Lundin, 2001). All high
frequency data was recorded on a CR5000 datalogger (CS) at the WET and DRY site,
while a CR3000 datalogger (CS) was used at the INT site. Meteorological, peat
temperature and € data were measured every minute and averaged and recorded at 30
minute intervals using a CR1000 (CS) or CR10X (CS) datalogger.

Plot scale evapotranspiration was measured at eight hummocks and hollows at
each of the three sites for a total of 48 permanent sampling locations, with steel collars
(0.6 x 0.6 m) imbedded 0.1 m in the peat surface. A sealed Plexiglas chamber (0.6 x 0.6 x

0.6 m) with two small mixing fans and an EGM-4 infrared gas analyzer (PP-systems,
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Amesbury, MA) were used to measure the change in water vapour concentration (p,) at 5
s intervals over a two-minute measurement period. A short measurement period was used
to minimize temperature changes within the chamber. Measurements were taken between
10:00 and 17:00 h on a bi-weekly basis throughout the growing season, where plot
measurement order was quasi-randomized. Instantaneous chamber ET values (LE,;) (mm
hr'l) were calculated according to Stannard (1988):

_ MV -cf
A 3.1)

LE
where M is the rate of change in p, in the chamber, V is the chamber volume (m3), cfis a
correction factor to account for vapour adsorption within the chamber (dimensionless),
and A is the ground surface area (mz). Due to the non-linear increase in p, over the
measurement period, M was calculated using a quadratic fit, where measurement runs
with an r? less than 0.9 were rejected. In conjunction with p,, photosynthetic photon flux
density (PPFD), chamber temperature, and soil temperature were measured inside the
chamber using EGM-4 standard probes.

Leaf-level resistance (7., measurements for the dominant vascular species were
made using an AP4 dynamic diffusion porometer (Delta-T, Burwell, UK). Measurements
were made during the early, mid, and late growing season at each of the chamber plots
every other day for a two week period. Measurements took place between 10:00 and
16:00 h, where measurements earlier in the day were unfeasible due to condensation

which was prevalent on leaf surfaces. Within each plot r., was measured for

Chamaedaphne calyculata, Kalmia polifolia, Vaccinium oxycoccus, Cyperaceae, and
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Vaccinium myrtilloides where present using three to five replicates. The porometer was
calibrated at least once each measurement day, with periodic re-calibration occurring

with large changes in ambient temperature or RH.

3.3.3 Supplementary measurements

One-sided leaf area index (LAI) was determined from the destructive sampling of
four random 0.25 m* hummock and lawn plots at each of the three sites (n = 24). LAI was
estimated for each species from a scanned subsample and scaling the value based on the
dry weight ratio of the sub- to total-sample weight. Samples were further segregated
based on leaf, woody, live, and dead tissue in order to assess plant area index (PAI). In
order to assess the spatial variability in species abundance, both within and between sites,
a vegetation survey was done for eight 1 m* hummock and lawn plots at each of the three
sites (n = 48). The vegetation survey was done using the grid-intercept method, with a 10
x 10 grid centered on the chamber measurement collars.

6 in the top 0.07 m was measured using a WET sensor (Delta-T). In order to
assess spatial variability, # measurements were made during the early, mid, and late
growing season at each of the chamber plots every other day for a two week period. A 6
measurement was taken in each quadrat of the chamber plots. WT levels were measured
hourly in 1.5 m deep wells using self-logging Levellogger Junior pressure transducers
(Solinst, Georgetown, ON (Solinst)). WT measurements were corrected for changes in
atmospheric pressure using a Barologger Gold barometric logger (Solinst). WT level was

recorded at all three sites in two separate groundwater wells with the average local
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topography used as a datum, where the height of the average local surface was

determined from 50 m transects with the groundwater wells at the center.

3.3.4 Modelling and supporting calculations
In order to assess the relative contribution of vascular and Sphagnum vegetation
to total ET, we used a three-source energy balance equation, omitting heat storage in the

vascular canopy:

R, - (LEV + Z pi(LEmrf,i - Gi))_ H =0 (3.2)

where R, is the net radiation flux above the vascular canopy (W m?), LE and H are total
latent and sensible heat fluxes (W m™), G is the ground heat flux (W m™?), p is the relative
proportion of hummocks or hollows for the respective sites, the subscripts v and surf are
the respective values for the aggregate vascular canopy and Sphagnum surface, and i

represents values for hummocks or hollows. LE,,r; was calculated according to Kim and

Verma (1996):
z piLExurf i Z b (Rn,xurf,i -G, )/(1 + leurf,i): LE - LE, (3.3)

where Sy, is the Bowen ratio (H/LE) at the Sphagnum surface, and R, s; is the estimate
of the radiation balance at the Sphagnum surface:

_ —K-LAI;
Rn,xurf,i - len eXp

(3.4)

where « is the extinction coefficient assumed for simplicity to be 0.5, which corresponds
with a spherical leaf angle distribution. G; is calculated from soil temperature and
moisture profiles by calculating heat storage in the top 0.2 m and a flux term at 0.2 m

depth as follows:
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—|0m
AT
G =C Az—ozn , 9T
dt 0z

0.2m (3.5)

where C, is the volumetric heat capacity (J m> °C"), z is depth (m), T is temperature
(°C), t is time (s), and C is thermal conductivity (J s'm! K'l). Using Ohm’s Law
analogy to represent H and LE, through rearrangement of equation 3.3 we obtain an

equation with two unknowns, surface resistance () (s m'l) and Bt

Fourg i (Rn,surf,i -G, )/(1 + B i )+ lpa c, (Tsurf,i -7, )_ H-r, J/ Bousi =

(i, 1Pfe 1)) 11, .
where p, is air density (kg m™), C, is the specific heat capacity of air (J kg™ °C™, A is the
latent heat of vapourization (J kg'l), ¢ is a constant (0.622), P is air pressure (kPa), and e«
and e, are the saturated and actual vapour pressure (kPa) at the surface and of the air
respectively. Aerodynamic resistance (r,) (s m") to heat and vapour transport was
calculated as the sum of the resistance to momentum transfer, r,,, and the boundary layer

resistance, rp. r, was calculated according to Stewart and Thom (1973):

"z
r, = 2+I’h

e (3.7
where u, is the wind speed (m s'l), ux 1s the friction velocity (m s'l), and r, is calculated

according to the empirical formula of Kellner (2001):

B a(u*zo /U)o.zs _b

b
ku.

(3.8)
where 7y is the roughness length (m), v is the kinematic viscosity of air (m2 s'l), k is the

von Karman constant, and a and b are empirical parameters. Estimates of 1.58 and 3.4 for
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a and b from a Swedish bog were used to calculate r, (Molder and Kellner, 2001).
Stability correction factors were omitted from Eqs. 3.7 and 3.8 since u+ was calculated
based on turbulent measurements of all three Cartesian wind speed components rather
than from wind speed profiles. We used measured energy balance and turbulence data, air
temperature and humidity, and extrapolated measured soil temperature using a quadratic
fit to the top three soil temperatures to approximate 7%,y; as inputs to Eq. 3.6 and solved
for the two unknowns using non-linear least squares regression by using the simplifying
assumption that rgy;,; and S,z don’t vary significantly over relatively short periods of
time (on the order of several hours). Substituting f,,; into Eq. 3.3, we were able to
estimate LE, as the residual of LE calculated from EC measurements, and the sum of
LE,,s from hummocks and hollows. An alternate estimate of LE, was derived from

porometry and EC measurements using the Penman-Monteith equation:

SR, , + ,oanDra_1
v,PM
s+ 7(1 + %j
“ 3.9

where s (kPa °C™") is the slope of the saturation vapour pressure versus temperature

LE

curve, y (kPa °C™") is the psychrometric constant, and D (kPa) is the vapour pressure

deficit of the atmosphere. R, , was calculated as:
— _ —kLAI;
R,, = PR, (1—exp™) (3.10)

r, was modeled by assuming that the functional response of bulk surface resistance (7p,)

to environmental variables was dominated by the stomatal response of the vascular
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vegetation. ry,; was calculated by rearranging the Penman-Monteith equation and
substituting in £ as follows:

Ky pC )D
Poure = ra(_ﬂ_lj"‘—](l"' ﬂ)
V4 R, - z r.G,;

Different models have been developed to assess the response of ry,; or r, to

(3.11)

various environmental variables, which commonly includes PPFD, D, and some
parameterization of water availability. We used an empirical non-linear

phenomenological model based on the general form described by Jarvis (1976):

Ttk = @y H:l:lf(xi) (3.12)
where a; is the maximum conductance under non-limiting conditions and x; are the
controlling environmental variables. In peatlands, due to the relatively shallow WT,
aerenchymous tissue and deep rooting in certain sedge species (Saarinen, 1996), and root
growth patterns of erect dwarf shrubs, the effect of WT changes on vascular plant water
availability is limited (Malmer et al., 1994). As such, we omit a water availability term in

our model, and use PPFD and D as the major controlling variables:

f(PPFD): CZZPPFD 2
J1+(a, - PPFD) G.13)
f(p)=—
as+D (3.14)

where ay, a3, and ay are fitted parameters. Since Eqgs. 3.13 and 3.14 yield dimensionless
values which range from O to 1, 7, was normalized using the 5 percentile (rpuk.s5m = 28

S m'l, 54 s m'l, and 58 s m'l) of half-hourly values calculated from Eq. 3.11. PPFD was
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estimated from CMP3 measurements using a fixed ratio of 2.10:1 for PPFD (umol m™ s’
" to incoming solar radiation (W m™). Both theoretical and field measurements suggest
that the ratio of PPFD to total solar radiation is ~0.50 and is relatively constant over a
wide range of solar elevation angles and atmospheric conditions (e.g. Szeicz, 1974;
Weiss and Norman, 1985). We derived the above ratio of 2.10:1, which is consistent with
values summarized in Udo and Aro (1999), by dividing 0.50 by the photon energy for the
peak wavelength of solar radiation using Wien’s displacement law. An estimate for a;
was derived by solving Eq. 3.12 for where the median modelled daytime value equaled

the median measured leaf resistance (7;.4s), scaled according to LAI and microform (r,;):

r, = LAr) (3.15)

where the subscript j refers to the various vascular species measured using porometry.
Since measurements of LAI and r;, were temporally limited, a greeness index

(Ig) was derived in order to vary LAI seasonally in Egs. 3.4 and 3.10:

LAI=LAI . +1,(LAL _—LAI ) (3.16)

I was derived from the red (R), green (Gr), and blue (B) values from daily photos taken
at the SNWR fire tower at midday. For a fixed region in the image representing peatland
area, the median RGrB intensities were calculated, where I; was calculated as the ratio of

Gr to R+Gr+B, and normalized to vary between O and 1.
3.4 Results and Discussion

3.4.1 Microtopography, vegetation, and moisture availability
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Differences in site microtopography were pronounced, where the proportion of
hummocks and height of hummocks relative to hollows increased from WET, to INT, to
DRY (Table 3-1). The difference in the average WT (Fig. 3-1), between sites was fairly
consistent over the 2010 and 2011 growing season with a median difference between the
WET and INT site of 0.10 m (0.25 m) in hollows (hummocks), and 0.19 m (0.45 m)
between the WET and DRY sites when averaged across years. Viewed as a deviation
from the INT site, the difference in magnitude of WT depth at the WET and DRY sites
are roughly equal and opposite, and of a similar magnitude to the predicted mean WT
change under a 2 x CO; climate change scenario (Roulet et al., 1992). The differences
between sites in relative WT depth in both hummocks and hollows have important
implications for the typical range and distinctness of surface 6 (6, - average of top 0.07
m) between microforms and sites. Although the difference in median 6y, between
hummock and hollows is greatest at the WET site, where hollows were considerably
wetter than hummocks, the median 6, in hummocks and hollows is greater than the
other two sites (Fig. 3-2c). For both study years the difference between median hummock
and hollow 0y, is significant at both the WET and INT sites, but not at the DRY site
where both hummocks and hollows were rather dry. These data, which are based on
spatial averages, are in contrast to the continuous point measurements of 4 at 0.10 m
(6p.10) at an individual hummock and hollow at each site. For 6y ;o at the WET site, we
only see relatively small average differences between hummock and hollow
measurements (0.10 m®> m?) which are temporally correlated (r* = 0.69, p << 0.01), while

average differences at both the INT and DRY sites are persistently large (0.76 m* m’; and
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0.81 m’ m’) and uncorrelated (r* = 0.44, p =0.72; and > =0.15, p = 0.69). The disparity
between point measurements and spatial averages can be the result of the microforms
chosen for #-profiles not being representative for the respective sites, but where
measurements were validated using lab-based peat moisture retention and WT relative to
the 0.10 m measurement depth to approximate pore water pressure. Fig. 3-2d shows how
the magnitude of spatial variability can be approximated by a Gaussian function, where
variability is small at both high and low 6y, Given the low 6y, in hollows at the DRY
site (Fig. 3-2c¢), spatial variability is unlikely to account for high hollow 6y ;) measured at
the DRY site. A similar argument can be made for hollows at the INT site and hummocks
at the WET site. Consequently, the disparity between O,y and 6y o is more likely the
result of a sharp moisture gradient over the top 0.10 m which may be explained by a
disequilibrium between surface pore water pressure and water table depth due to high
evaporative loss at the moss surface.

Despite the overall dryer surface conditions in both hummocks and hollows at the
INT and DRY site in particular, we don’t see a significant difference in the relative
abundance of typical hummock/hollow forming Sphagna as a result of the WT
treatments. While a two-way ANOVA showed a significant difference in the abundance
(defined herein as the presence/absence from each point in a 1 m” 10 x 10 grid) of both
Sphagnum capillifolium and Sphagnum angustifolium grouped according to microform
(p<0.01), where S. capillifolium is more abundant on hummocks and S. angustifolium is
more abundant in hollows, site and interactive effects where not found to be significant

(0.18<p<0.47). However, when weighted according to the proportion of hummocks and
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hollows at each site the total percent cover of S. capillifolium does increase, while S.
angustifolium decreases.

We assessed more generally how differences in moisture availability and WT
treatments might affect species richness since higher values would indicate a more varied
contribution to ET, particularly if different plant functional types were represented. A
two-way ANOVA showed a significant difference in species richness between
microforms (p = 0.017) where Tukey’s honestly significant difference test (hsd) shows
richness to be greater in hummocks (9.6 + 0.35) compared to hollows (8.4 + 0.35) based
on a total of 23 identified species. While there was no significant difference based on site
(p = 0.067), species richness tended to be higher at the DRY site (9.6 + 0.43) compared to
the INT (9.2 £ 0.43) and WET (8.2 £+ 0.43) sites. Although species richness appears to be
affected by microform, and to a lesser extent by WT treatment, the difference in species
richness does not appear to have a large impact on the relative abundance of the dominant
Sphagnum or vascular species (Fig. 3-3). While, a Kruskal-Wallis test indicated that there
was a significant difference (p<<0.01) in the relative abundance of the various species
found at each site, a multiple comparison test using Tukey’s hsd indicated that the most
abundant vascular species at each site were Chamaedaphne calyculata, Carex
oligosperma, Vaccinium oxycoccus and Kalmia polifolia, and the most abundant
Sphagnum species were S. angustifolium, S. capillifolium, and Sphagnum magellanicum
in their respective orders of abundance.

Because of potential differences in average leaf size for Ericaceae (shrubs) and

blade length for Cyperaceae (sedges), results from the grid intercept method used to
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assess species abundance do not necessarily coincide with LAI measurements which are
needed for scaling leaf-level transpiration measurements. Based on our destructive
sampling, the LAI of live vegetation was highest at the WET site (Table 3-1) for both
hummocks and hollows, where in general C. calyculata dominated hummocks and C.
oligosperma dominated hollows (Fig. 3-4). We tested whether the same pattern of species
abundance for the two dominant vascular species was reflected in our vegetation survey
data since it had a greater number of plots (i.e. 8 vs. 4). A two-way ANOVA showed a
significant difference in abundance for C. calyculata (p = 0.016) and C. oligosperma (p <
0.01) based on microform, where Tukey’s hsd showed the abundance of C. calyculata to

be highest in hummocks and C. oligosperma to be highest in hollows.

3.4.2 Evapotranspiration partitioning

Dominant vascular species identified by destructive leaf sampling and the
vegetation survey were the focus of porometry measurements, with the intension of
identifying whether r,, differed between species, plant functional type (PFT),
microform, or site. The measured r;.,s for individual species all followed a log-logistic
probability distribution, so non-parametric statistics were used for comparisons (Fig. 3-
5). For all species present at all sites and microforms with the exception of K. polifolia, a
Kruskal-Wallis test showed no significant differences (p>0.215 for all factors and
interactions) in median r;4r based on site, microform, and interactive effects. While the
median r,4s for K. polifolia varied based on both site (p = 5E-4) and microform (p =
0.005), the overall impact on ecosystem-scale ET is small due to its relatively low

abundance (Fig. 3-3) and LAI (Fig. 3-4). Therefore, for scaling purposes, separate values
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based on site and microform were not used, though individual species were treated
independently with median measured values of 234 s m'l, 192 s m'l, 325s m'l, and 520 s
m' for C. calyculata, K. polifolia, C. oligosperma, and V. oxycoccos (Fig. 3-5).
Interestingly, the median and distribution of r,,s qualitatively differs based on PFT,
where we classify C. calyculata and K. polifolia as erect dwarf shrubs, V. oxycoccos as a
prostrate dwarf shrub, and C. oligosperma as a sedge. Using a rank-sum test, significant
differences in median r;, were found between all PFTs (p = 2.6E-08 between erect
shrubs and sedges; p = 2.4E-08 between sedges and prostrate shrubs). With respect to
site-level controls on ET, the difference in r,, between the dominant species C.
calyculata and C. oligosperma is important since their LAI varies between microforms
(Fig. 3-4), and where the proportion of hummocks and hollows varies between sites
(Table 3-1). While the difference in 7,4 between V.oxycoccos and the other vascular
species was large, the overall effect on ET is likely small. Although V. oxycoccos
represents up to 31% of LAI (Fig. 3-4) depending on the site and microform, the incident
radiation on its surface would be comparatively low due to it growing on the Sphagnum
surface below the canopy of the other vascular species.

Since microforms have different dominant vascular species with distinct 7., all
else being equal, we would expect to see a difference in ET at the microform-scale.
However, due to differences in LAI and 6, between microforms and sites, chamber
measurements were used to assess whether any systematic differences in ET existed

between microforms. Owing to the sporadic nature of manual chamber measurements and

variability in PPFD and D, direct comparisons between plot ET,;, are not valid. In order to
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examine site and microform effects on ET,, the response curve to D was evaluated for
high PPFD. In general, Fig. 3-6 shows that ET in hollows tends to be greater compared to
hummocks, where no clear distinction exists between sites. In hummocks, however, ET
tends to be higher at the WET site in comparison to the INT and DRY sites. The
distinction between hummocks may be related to differences in surface wetness observed
between sites (Fig. 3-2), or the proportion of C. calyculata to C. oligosperma in hollows.
With respect to a possible vegetation control, total LAI cannot explain the difference
between hollows at the INT and WET site as they are roughly the same. However, C.
oligosperma makes up a much greater proportion of hollow vegetation at the INT site.
When combined with a lower median 74, this would result in lower ET at the INT site.
The three-source model (see section 3.3.4) was used to estimate the contribution
of the moss surface to ET in hummocks and hollows at each of the sites. Both the highest
daily and seasonal mean value of surface conductance (guur = Fur '1) was at the INT
hummock (Fig. 3-7a), with respective values of 7.9E-03 m s (127 s m™) and 6.1E-03 m
gt (165 s m'l). While the mean g (75ur) Was of a similar magnitude at the WET (4.0E-
03m s or 251 sm™), INT (3.9E-03 m 5™ or 259 s m™) and DRY (4.1E-03 m s or 242 s
m'l) hollows, mean hummock g (75urr) Was roughly half (double) the magnitude of INT
at the WET (2.3E-03 m s or 444 s m™") and DRY (2.4E-03 m s™' or 421 s m") sites. The
difference in mean behaviour between hummocks can largely be related to differences in
LAI since the modelled ry,s includes the effect of increased aerodynamic resistance
within the canopy associated with higher LAI, where Table 3-1 shows LAI at the WET

and DRY site hummocks to be higher compared to the INT site. While the mean gg,r
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(rsury) was similar between hollows, distinct seasonal differences existed which may be
related to differences in LAI and surface wetness. Although LAI in WET and INT
hollows is similar, with greater O,y typical of WET hollows, a greater proportion of
R, iy would be partitioned to LEg,,r assuming small difference in Gy,;; which is shown to
be the case for all hollows at the site (Moore et al., 2013). Despite having a lower average
LAI and thus higher R, s, the DRY hollow has a comparable Gy, to the other two sites,
where a low 0y, results in greater partitioning to Hy,r. For hummocks (Fig. 3-7a),
although the magnitudes are different, the temporal variability in ge,r (ruuy) 1S more
similar between sites where the sites are moderately to highly correlated (0.58 <1 < 0.85,
p<<0.01). More subtle differences between the WET and DRY hummocks demonstrate
the trade-off between LAI and moisture availability, where the higher average 6y,,r at the
WET site (Fig. 3-2) would reduce ry,s, counteracting a high total LAI (Fig. 3-4). From
the modelled ry,s values we calculated LE,,s for hummocks and hollows and, by
difference, derived an estimate of total LE, (Table 3-2). Overall, the contribution of the
moss surface to total LE ranged from 22% - 45% with greater contributions coming from
sites with increasing depth to WT and lower LAIL. The reason for the relatively high
contribution of hummock surfaces to total ET at the INT and DRY sites is two-fold,
owing to higher proportions of the two sites being covered by hummocks as well as
moderate to low LAI allowing for more available energy at the surface and boundary
layer effects. The results from the WET site follow the same basic pattern where hollows
contribute proportionally more than hummocks due to a greater abundance of hollows

and lower LAI in hollows.
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Results from the three-source model suggest that LEg,,r is qualitatively linked to
water availability, where variation in hummock ry,sin particular appears to co-vary with
WT depth, and more so at the WET site across microforms. In general, the correlation
between WT depth and ry,,ris moderately low (r* = 0.35; p << 0.01) to high (r* = 0.80; p
<< 0.01) for hummocks, but quite poor for INT (r2 =0.22) and DRY (r2 = 0.08) hollows.
In INT and DRY hollows, periodic sensor issues required more extensive gap-filling of G
data where small magnitude flux errors may be amplified given the low average midday
R, sy range of 82 — 187 W m™ based on LAI estimates across sites and microforms. In
order to gain further insight into what might be occurring at the moss surface early in the
growing season, we examined how 7y, ra'l responded to 6y ;0. We chose to examine the
ratio of resistances rather than rp,; itself since there are a number of methods for
calculating r,, particularly when differences between the resistance to momentum and
latent heat transfer are taken into consideration. The midday (between 10:00 and 14:00 h)
median r, calculated according to Eq. 3.6 was similar between all three sites, ranging
between 75 — 78 s m™'. Median midday rp,, on the other hand, was 161 s m'l, 299 s m'l,
and 317 s m" at the WET, INT, and DRY sites respectively. Since r, is relatively
conservative between sites, the difference in median r,,; between WT treatments is
reflected in the relative magnitudes of the optimal 7y, ra'l ratio (Fig. 3-8). Fig. 3-8 shows
a greater response Of 7y, ra'l to 6y.;0 at the WET site, increasing two-fold early in the
growing season. Water availability for vascular plants is mediated by rooting depth and
fine root production, where all else being equal, water availability to vascular plants is

lower in hummocks versus hollows due to a greater depth to WT. However, results from
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Hribljan (2012) suggest that WT treatments affect below-ground production and total
biomass, where greater below-ground production compensates for lower WT at the INT
and DRY sites in hummocks. Consequently, the effect of water availability on vascular
vegetation is likely to be limited, where we assume that any response in rp,; to changing
moisture conditions is more strongly linked to ry,r. This is supported by our
measurements of 7., where within species, no WT treatment effect was observed
between microforms or sites. The greater response in 7, ra'l at the WET site is in part
related to greater near-surface drying in hollows compared to the other two sites (Fig. 3-
2). Furthermore, the covariance between hummock and hollow 6 ;9 at the WET site is
three to four orders of magnitude greater compared to the INT and DRY sites. This
means that, in addition to there being a greater proportion of hollows at the WET site,
hummocks tend to behave more like hollows at the WET site. Moreover, no strong
response in rg,s to 6 in hummocks is expected at the INT and DRY sites since the range
in near-surface 6 over the growing season was roughly 0.10 — 0.20 m’ m”. Fig. 3-8 also
shows that the effect of 69 on 7y, is conditional. Early in the growing season, 7, ra'l
was increasing and reached a maximum around DOY 148. Over the same period, 6y ;o in
the WET hollow decreased from saturation to roughly 0.2 m® m> while Iz was
increasing, reaching 50% of its maximum value. Low 6 ;¢ persisted in the WET hollow
until DOY 169 while /; continued to increase, thus lowering rp, through increasing LAI
Throughout the remainder of the growing season, WT and 6y ;9 remained high. There
were, nevertheless, notable changes in rp, ra'l during the senescence period following

DOY 243, where initially there was a rapid drop. The drop in 7y, ra'l directly followed a
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week-long period without rain and coincided with several days of rain delivering a total
of 49 mm. Subsequently, 7, ra'l rose steadily in response to vascular senescence. While
these results suggest early growing season estimates of ry,,r from the three-source model
are likely overestimated, particularly for wet microforms, the conditional bias does not
necessarily refute our basic findings.

In order to validate results from the three-source model, porometry measurements
were scaled according to Eq. 3.15 and modelled using the functional relations shown in
Fig. 3-9. The three-source model does not treat the vascular canopy of hummocks and
hollows separately, where results are segregated by site alone. Fig. 3-9 shows that the
PPFD response curves are generally similar at all sites, while for the D response curves,
the INT and DRY plot higher than the WET site implying that the WET site is more
responsive to changes in D. It is important to note, however, that these values are
normalized by the 5t percentile of r,;x which was lowest at the WET site (see section
3.4.2). In order to calculate LE, using the functional relations in Fig. 3-9, an estimate for
a; (maximum conductance) was derived by solving Eq. 3.12 for where the median
modelled daytime value using measured PPFD and D equaled the median r, (Table 3-1).
Median values of r, were obtained by scaling median ;. (Fig. 3-5) according to the LAI
of hummocks and hollows separately (Fig. 3-4) and then weighted according to the
proportion of hummocks and hollows at each site to get total r, estimates (Table 3-1).
However, since the a; parameter is for total canopy estimates of LE, we would expect a;
to scale with LAI. Since our measurements of LAI were infrequent, we used daily images

of the study region to derive an index of plant phenology. Figure 3-10 shows the
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transition from a low winter /g, through rapid leaf out, early-summer peak, and a slow
decline through late-summer and early autumn. In order to corroborate our /; index we
used changes in surface roughness derived from EC turbulence measurements. Under
self-similar atmospheric stability conditions the relation between friction velocity (u)
and wind speed (u#) is governed by surface roughness (Holton, 1979). While daily
variation in w/u" follows a random normal distribution (p = 0.40), seasonal variation may
be attributed to changes in surface roughness associated with increasing vegetation height
or leaf area. The seasonal variation in u/u~ was used as a basic check on the validity of
using I to vary LAI, where a simple quadratic fit to the w/u time series was used to
assess potential seasonality in u/u . By evaluating the first derivative of w/iu’ at zero, we
obtained estimates of minimum seasonal values (i.e. highest surface roughness) between
day of year (DOY) 193 and 218, which overlaps with the maximum /; values. Based on
the estimated median r, of 112 s m'l, 172s m'l, and 168 s m™! at the WET, INT, and DRY
sites respectively (Table 3-1), the corresponding a;” values were estimated to be 25 s m™',
51 sm”, and 53 s m™ which corresponds closely with 5t percentile of rp,; obtained from
half-hourly EC measurements. Although there is a degree of auto-correlation between the
5t percentile of ryy and a;” since both use data obtained from EC measurements, the
close correspondence in values is more fundamentally controlled by the 7y, and LAI
estimates which were obtained independently from porometry measurements and
destructive sampling.

A comparison between the three-source estimate of LE,, and LE, modelled from

functional relations and porometry measurements show reasonable correspondence with
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each other (Fig. 3-11). Since there is uncertainty in both methods, an orthogonal least-
squares regression was used to compare LE,, where the best-fit lines were 0.97x — 11.1
for WET, 1.22x — 6.4 for INT 1.33x — 13.9 for DRY, and for all results combined, 0.94x
— 2.5. In general, early growing season estimates of LE, by residual are outliers for the
WET site, but not for the INT and DRY sites. For both hummocks and hollows at the
WET site, Fig. 3-7 suggests that ry,r may be overestimated which would result in an
overestimation of LE,. Despite a similar potential overestimation of g, at the INT and
DRY site, the greater proportion of hummocks and relatively deep WT means not only
that 6y ;0 more accurately reflects 0y,,rat the INT and DRY site hummocks, but also that
behaviour of energy balance partitioning in hollows is less important from a site-scale

perspective.

3.5 Implications and Conclusions

Although there is no change in the relative abundance of C. calyculata and C.
oligosperma for hummocks and hollows individually when compared between WT
treatments, the relative increase in hummocks at sites with increasing depth to WT has
important implications for the total abundance of the various PFTs present within
peatlands. Furthermore, there is a trade-off between decreasing LLAI and the potential
contribution from the moss surface, where all else being equal, lower LAI leads to greater
available energy at the surface. Evaporative losses from the Sphagnum surface have been
shown to be relatively high given an LAI of 0.4 to 0.7 m® m” (Kim and Verma, 1996),
but where the contribution of moss evaporation to total ET is reduced when surrounded

by vascular vegetation (Heijmans et al., 2004). Nevertheless, with total LAI across WT
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treatments ranging from 1.7 to 2.3 m> m™, we observed a relatively high estimated
evaporative contribution from the moss surface which is in accordance with partitioning
estimates from other peatland studies (Kim and Verma, 1996; Kellner, 2001; Admiral and
Lafleur, 2007).

By modelling canopy transpiration losses from leaf-level conductance
measurements and EC-measured ET, we were able to corroborate our estimates of total
moss evaporative losses. A transpiration model using functional relations derived from
rouik Was viewed as advantageous over extensive direct measurements in our study, such
as by Admiral and Lafleur (2007), due to the need for simultaneous spatial and temporal
coverage of all major vascular species given multiple sites. Moreover, the development of
direct biophysical relations from porometry measurements is complicated by evergreen
shrubs since, in addition to light, humidity, water status, nutrient content, and interactive
effects related to position within the understory (Zeiger et al., 1987), conductance is
affected by leaf age (Field and Mooney, 1983). The development of probability
distributions of peatland vascular leaf conductances using a pseudo-random sampling
strategy across a range of environmental conditions provided the necessary constraint on
the biophysical relations developed from EC measurements. Despite there being no
significant difference in the distribution of leaf conductance for the dominant vascular
species between WT treatments, there was a notable WT treatment effect on the D
response of rp,. Humphreys et al. (2006) suggest that there are no large differences in
the D-ry, relations between multiple peatland sites, but where differences in average rp, i

can be related to different r,, between PFTs (Korner et al., 1979). Moreover, results
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from Admiral and Lafleur (2007) suggest that the evaporative response to D is stronger
from the moss surface compared to the vascular canopy, which suggests that the D-rp,
relation will vary with LAIL Plot-scale measurements of instantaneous ET showed a
difference in the D response based on WT treatment for hummocks, but not for hollows.
This treatment effect in WET hummocks can be attributed to higher LAI and a greater
abundance of relatively high conductance C. calyculata, where similar conductance
values were shown for an ombrotrophic bog in eastern Canada (Admiral and Lafleur,
2007). In reference to the plot-scale measurements, differences in total ET between WT
treatments can functionally be described by the relative proportion of microforms at each
site, where the INT and DRY sites are more progressively dominated by hummocks,
which have lower ET for a given D compared to WET hummocks and all hollows.
Kettridge and Wadington (2013) showed a stronger response of ry,r to WT drawdown in
hollows but not hummocks due to large differences in pore water pressure related to non-
equilibrium pressure profiles, suggesting that greater ET at WET hummocks is not
directly related to the shallow WT position. Brown et al. (2010) showed no significant
difference in ET throughout the growing season between Sphagnum hummocks and
hollows, but where surface 6 was similarly low between microforms, and both had a
sparse vascular canopy with less than 15% cover. Our results suggest that differences in
ET between WT treatments, particularly for hummocks, are the result of differences in
LAI and not strongly influenced by differences in surface moisture. Greater below-
ground biomass production and a lower leaf to stem ratio are positively correlated with

average WT depth, particularly for shrubs which dominate the hummock microforms
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(Murphy and Moore, 2010). Consequently, with greater resource allocation to non-
transpiring tissue (i.e. woody stems) in hummocks, and a difference in the proportion of
microforms across WT treatments, PAI can remain high which serves as a limit on water
loss from the moss surface through shading effects while constraining LAI which limits
transpiration losses. Luken ef al. (1985) suggest that the change in leaf to stem ratio of
shrubs is the result of overgrowth of the stem of vascular vegetation by Sphagnum,
causing increased fine-root production in the near surface. The implication herein is that
the growth response of hummock forming Sphagnum, which are argued to control the
direction and rate of microform succession (Luken et al., 1985), to the WT treatments
was an increase in increment growth length, thus driving the vascular response. This is
supported by contemporary Sphagnum productivity and bulk density measurements at the
research site, where surface bulk density was similar between microforms and WT
treatments. Overall, Sphagnum net primary productivity was found to be higher in
hummocks, where in particular the greater difference in productivity between S.
capillifolium in hummocks and S. angustifolium in hollows was at the DRY site
(Hribljan, 2012).

In the absence of direct canopy measurements, this study also demonstrates the
usefulness of using a three-source model to estimate evaporative contributions from
hummock and hollow surfaces, where surface wetness and LAI have a strong impact on
spatial variability. In general, the model suggests that the sensitivity of ry,r to WT or
near-surface moisture conditions decreases with increasing average depth to WT, where

surface moisture variability is low with a deeper WT. Williams and Flanagan (1996) also
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found that both conductance and evaporation from moss decreased as surface moisture
decreased. If evaporative losses from the moss surface are in part controlled by the
unsaturated hydraulic conductivity of the underlying peat, the highly non-linear nature of
its decline with increasing depth to WT would effectively decouple ry,s from simple
descriptors of moisture availability (Price, 1997). Therefore, for wet sites with relatively
small microtopographic variation, the use of empirical relations between ry,,r and surface
moisture (e.g. Lawrence et al., 2011) or WT (e.g. Sonnentag er al., 2008) may be
suitable. However, dryer sites would require a more physically-based approach using
pore water pressure so that non-linear negative feedbacks to evaporative water loss could

be accounted for (e.g. Kettridge and Waddington, 2013).
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3.8 Tables

Table 3 - 1: Summary of microtopography and vegetation characteristics across study
sites.

Variable WET INT DRY

Avg. height (m) of hummocks (+SE) 0.15 (0.01) 0.30 (0.02) 0.41 (0.03)
Proportion of hummocks and hollow 0.41/0.59 0.52/0.48 0.63/0.37
LAI (m* m™) — hummocks (+SE) 2.7(0.18) 1.5(0.06) 1.9(0.19)

LAI (m* m™) — hollows (+SE) 2.0(0.32) 19045 1.3(0.04)
PAI (m” m™) 2.8(0.52) 1.9(0.18) 2.6(0.27)
Y} — hummocks / hollows (s m™) 92/133 166/178  141/248
rY —total (s m™) 112 172 168

> _ Estimated from LAI median stomatal resistance (ry) (Fig. 3-5), and proportion of
hummocks and hollows at each site

Table 3 - 2: Summary of the ET components from EC and three-source model (Eq. 3.3-8)
over the 2010 growing season.

Variable WET INT DRY

LE - total (mm) 434 341 317

LE, — canopy (mm / %) 337/0.78 188/0.55 211/0.67
LEgut — hummock (mm/ %) 21/0.05 98/0.29 58/0.18
LEut — hollow (mm / %) 76/0.17 55/0.16 48/0.15
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3.9 Figures
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Figure 3 - 1: Seney National Wildlife Refuge (SNWR) study area in the Upper Peninsula
of Michigan (46.20° N, 86.02° W, elev. ~205 m a.s.l.) showing the three primary
sampling locations. The top-left panel shows the study area prior to berm construction
(SNWR airphoto BWD-5K-147) and general flow direction (white arrow), while the top-
right panel shows the location of the berm (white dashed line) and impact on surface
ponding (Google Earth — imagery date: 31/05/2005 — USDA Farm Service Agency).
Daily total rainfall (bars) and water table levels for the WET (solid), INT (dash-dot), and
DRY (dot) sites are shown for the 2010 (bottom-left) and 2011 (bottom-right) growing
seasons.
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Figure 3 - 2: Temporal variability in near-surface 6 (6y;0) at all three sites in a
representative hummock (grey) and hollow (black) over the 2010 (a) and 2011 (b)
growing seasons. Boxplot comparison of plot-measured surface 6 (6. where dots are
the confidence interval on the median, crosses represent outliers, and letters represent
significant differences (a = 0.05) using Tukey’s hsd (c). Spatio-temporal variability in
Oy Within 0.6 x 0.6 m plots (n = 4) for hummock (solid) and hollows (open) at the WET
(A), INT (o), and DRY (o) sites (d). Gaussian fit (solid line) parameters: scale = 36.7;
mean = 48.0; and std = 27.0.
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Figure 3 - 3: Relative abundance from vegetation survey using a 10 x 10 grid-intercept
method for a 1 m? area centered on each of the chamber collars.
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Figure 3 - 5: Distribution of stomatal resistance (rqs) values from daytime porometry

measurements for the dominant vascular species.
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Figure 3 - 8: Response of of 7y, ra'] to Op.;0 at the WET (blue), INT (green), and DRY
(red) sites over the 2010 growing season.
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Figure 3 - 9: Jarvis-style component functions describing the relative control of PPFD
(squares) and D (circles) on bulk surface conductance (r,”") for the WET (black), INT
(grey), and DRY (white) sites. PPFD data points are bin averages of 50 daytime half-
hour measurements where D is relatively constant, and vice versa for D data points. The
best fit parameters for PPFD (see Eq. 2.13) and D (see Eq. 2.14) curves are: a; = 1.9E-03
/ 2.0E-03 / 1.6E-03, a; = 0.25/0.39 / 0.40, and a, = 0.85/ 0.58 / 0.68 for WET (solid) /
INT (dashed) / DRY (dotted) respectively.
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Figure 3 - 10: Green index (dots) during 2010 based on changes in the spectral
characteristics of the lower left portion of daily images taken at SNWR at 12:00. A
summation of several Gaussian curves was used to fit measured data (black line).
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Figure 3 - 11: Comparison of canopy LE estimated from the phenomenological model (x-
axis) and the residual of the measured LE and estimated surface LE (y-axis) for the WET

(blue), INT (green) and DRY (red) sites. Open circles represent ‘early’ growing season
values up to DOY 141.
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CHAPTER 4: MULTI-DECADAL WATER TABLE
MANIPULATION ALTERS PEATLAND HYDRAULIC

STRUCTURE AND MOISTURE RETENTION

4.1 Abstract

A peatland complex disturbed by berm construction in the 1950’s was used to
examine the long-term impact of water table (WT) manipulation on peatland hydraulic
properties and moisture retention at three adjacent sites with increasing depth to WT
(WET, INTermediate, and DRY). By examining long-term differences between sites, it
allows for vegetation and microtopographic succession to occur in response to the initial
disturbance. Saturated hydraulic conductivity (K;) was found to decrease with depth by
several orders of magnitude over a depth of 1-1.5 m, but where the lowest average
measured K; was at the DRY site at depth. The depth-dependence of WT response to
rainfall was broadly similar across WT treatments, where WT response was large (5:1) at
a depth of 0.5 m, and near 1:1 at the surface. However, with a greater average depth to
WT, the INT and DRY sites experienced greater WT fluctuations compared to the WET
site. Differences in specific yield between sites were relatively small in comparison to
differences between hummocks and hollows, where surface values were similar, but
where the rate of decrease with depth was 0.014 cm™ in hollows and 0.007 cm™ in
hummocks. A greater decrease in sample volume with drying was observed for hollows
(16%) compared to hummocks (8%) and for the WET site samples (13%) relative to the

INT (11%) and DRY (10%) sites.
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Bulk density (pp) exhibits a similar depth-dependent pattern, where median
surface values for both hummocks and hollows were 21 kg m™, but respectively
increased to 23 and 59 kg m” by 22.5 cm depth. Based on 5 cm depth increments, there
was a significant increase in p;, at the WET, INT and DRY site at depth between 7.5 and
12.5 cm in hollows, and between 17.5 and 47.5 cm in hummocks. For pore water
pressures () ranging from -5 to -500 mb, there were greater differences in moisture
retention between hummocks and hollows compared to differences between sites, where
hollow samples retained more water for samples from 0 to 25 cm. However, the
estimated residual water content from the Van Genuchten equation for surface Sphagnum
samples, while on average lower in hummocks (0.082 m® m™) versus hollows (0.087 m’
m™), increased from WET (0.058 m’ m™) to INT (0.088 m’ m”) to DRY (0.108 m’ m™)
which has important implications for moisture stress under persistent conditions of WT
drawdown. p;, alone explains a high amount of variance (r* > 0.69) in moisture retention
across a range of y (-15 to -500 mb), where a log-linear equation describes well how p,-
dependent retention changes with y (r* = 0.967). Since p;, has good explanatory power for
describing moisture retention across WT treatments, and the depth-dependence of p,
differs between sites and microforms, from a modelling perspective moisture-retention
parameterizations which correlate well with p, may be seen as advantageous, where we

propose a logistic equation as an alternative to the Van Genuchten equation.

4.2 Introduction
Peatlands store ~10% of the global surface freshwater (Holden, 2005) and account

for approximately one-third of the terrestrial soil carbon pool (Gorham, 1991). However,
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there is a concern these water and carbon stores may be at risk to due to climate change
(e.g., Ise et al., 2007) as vapour pressure deficits, evapotranspiration and summer
moisture deficits are expected to increase, leading to greater water table (WT) drawdown
(Roulet et al., 1992) in northern continental regions where peatlands are prevalent
(Gorham, 1991). In-situ short-term field studies have demonstrated that peatland WT
drawdown leads to peat subsidence (Waddington et al., 2010), altered carbon fluxes and
vegetation community (Strack and Waddington, 2007; Chivers et al., 2009), increased
peat bulk density (p,), decreased specific yield (S,) and saturated hydraulic conductivity
(K;) (Whittington and Price, 2006), increased above-ground shrub and tree biomass
(Pellerin and Lavoie, 2003; Weltzin et al., 2003), and a greater competitive advantage for
hummock Sphagnum species (Grosvernier et al., 1997; Robroek et al., 2007), but an
overall decrease in Sphagnum cover (Gunnarsson et al., 2002). Conversely, the long-term
ecohydrological response to changes in WT will likely be mediated by continued
vegetation succession (Strack and Waddington, 2007) and a different hydrological
response between peatland hummock and hollow microforms (Whittington and Price,
2006). However, not only is there a dearth of studies examining the peat hydrophysical
properties of peatland microforms, but literature on the long-term impacts of WT
manipulation in the absence of other land-use impacts, such as horticultural extraction
(e.g. Schwarzel et al., 2002; Gnatowski et al., 2010) or wildfire (e.g. Sherwood et al.,
2013) are limited. The aim of this research is to examine the effect of long-term WT

manipulation on peatland hydraulic structure and peat moisture retention.
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Sphagnum mosses are non-vascular species, and so rely on capillary transport to
meet surface evaporative demand and to supply the apical bud (capitula) with the water
necessary for physiological processes. Consequently, moisture status is related to WT
depth, particularly when capillary flow is able to meet evaporative demand. The ability of
hummock forming species (e.g. Sphagnum fuscum and S. capillifolium) to grow relatively
high above the WT is linked not only to the greater moisture retention in capitula
(Hayward and Clymo, 1982), but also due to a greater ability to conduct water up from
the WT under dry conditions (McCarter and Price, 2012) and greater desiccation
avoidance (Schipperges and Rydin, 1998; Hajek and Beckett, 2008). Conversely, hollow
species (e.g. Sphagnum cuspidatum and S. angustifollium) are able to outcompete
hummock species due to higher productivity under wet conditions (Gunnarsson, 2005)
and a greater ability to minimize depth to WT through deformation of the peat matrix
with changing pore water pressure () (Price, 2003). Moreover, changes in temperature
and water supply to hummock-forming Sphagnum fuscum moss capitula can lead to
changes in bulk density and by extension peat moisture retention (Boelter, 1969) through
changing community structure (Dorrepaal et al., 2003). Therefore, with a persistent
change in WT level, a systematic difference in the moisture retention properties may
develop within hummocks over time.

Strack et al. (2009) suggest that resilience of the peatland carbon pool to climate
change may be controlled by the contemporary distribution of Sphagnum moss species
that occupy both hummock and hollow habitats, whereby a change in the moss

community, coupled with the associated internal ecohydrological feedbacks (e.g.,

131



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

Kettridge et al., 2013), may enhance peatland resilience to WT drawdown through the
expansion of hummock microforms. While a shift to a greater abundance of hummock
forming species may represent a negative feedback to carbon loss due to the inherent
recalcitrance of hummock forming Sphagnum (Coulson and Butterfield, 1978; Turretsky
et al., 2008), the slower decay rates may help limit decomposition and peat subsidence in
hummock microforms. Consequently, we argue that in order to evaluate the hydrological
response of peatlands to increased moisture deficit under future climate change scenarios,
including changes in WT level, storage, surface w, and moss evaporation, the
hydrophysical properties of peat must be well defined. Here we examine peatland
hydrology and peat moisture retention in three adjacent peatlands where natural
subsurface water flow was impacted ca 60 years ago, resulting in differences in mean
WT depth and relative proportion of vascular and non-vascular species at the three sites.
The specific objectives of this study were to: (i) assess the depth dependence of
hydrophysical properties in peat; (i) compare and contrast the moisture retention
properties of hummock and hollow peat within the unsaturated zone; and (iii) determine
if a systematic difference in hydrophysical properties exist between sites with an

increasing average depth to WT several decades following disturbance.

4.3 Methods

4.3.1 Study site
The study area is located in the Seney National Wildlife Refuge (SNWR) in the

Upper Peninsula of Michigan (Fig. 4-1). The region is characterized by relatively flat
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topography which slopes towards the south-east at 1.1 — 2.3 m km™' (Heinselman, 1965).
Land cover consists primarily of upland forests (67%), and open peatlands (20%), while
the remainder of the region is made up of mostly forested swamps and open water
(Casselman, 2009). Wet sand of glacial origin overlies the regional bedrock up to a
thickness of 60 m (Albert, 1995). Surface soils throughout SNWR are mostly a complex
of poorly drained muck and sand, while the study area itself contains poorly drained peats
(Casselman, 2009) approximately 0.75 — 1.5 m deep.

The peatland complex within SNWR is subdivided by a combination of upland
sand ridges of lacustrine origin, creeks, old drainage ditches, as well as a network of
roads and berms constructed mostly during the late 1930’s and early 1940’s by the
Civilian Conservation Corps (Kowalski and Wilcox, 2003; Wilcox et al., 2006) for the
purpose of creating open water habitat for migratory birds. Berm construction in the
southern end of the refuge where our study sites are located was completed in the late
1950’s, creating a natural experiment where an upslope peatland site (hereafter referred
to as WET) likely became wetter and a downstream peatland site (hereafter referred to as
DRY) likely became drier. Aerial photography of the study area shows a clear increase in
ponding upslope of the berm and areas of rapid terrestrialization downslope following
berm construction (Fig.1). Moreover, contemporary WT data shows a large difference
between the WET and DRY sites, with the latter being up to several dm deeper. A site
with an intermediate depth to WT variation (hereafter referred to as INT) is located
adjacent to the WET site. Although each peatland site has almost identical species

richness, the relative proportion of given species differs between sites (Hribljan, 2012).
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The WET site is classified as a poor sedge-fen (pH = 4.10 + 0.06) with an average
microtopographical variation of 0.15 #* 0.05 m. The INT and DRY sites are both
classified as bogs, with a pH of 3.77 + 0.02 and 3.69 + 0.01 respectively, and have an
average microtopographical variation of 0.30 £ 0.08 m and 0.41 £ 0.11 m respectively. In
addition to the increase in relative height of hummocks, the proportion of hummocks at
each site also increases along the hydrological gradient, with an estimated coverage of

41%, 52% and 63% for the WET, INT, and DRY sites respectively.

4.3.2 Lab measurements

A factorial design was used to obtain peat moisture-retention curves based on site,
microtopography, and depth. Peat blocks measuring approximately 0.3 x 0.3 x 0.3 m
were cut from each site and placed in a waterproof rigid plastic crate. Surface peat blocks
(0 - 0.3 m depth) were taken from 3 randomly chosen hummocks and hollows at all three
sites (WET, INT, and DRY), while deeper samples (0.3 — 0.6 m depth) were only
obtained for hummocks. Peat blocks were saturated in order to maintain high pore water
pressure to help reduce peat compression during transportation. In order to minimize the
amount of disturbance to the pore-space geometry, peat blocks were frozen within 24 to
48 hours of removal from the site. While frozen, each peat block was sectioned into 0.05
m thick layers with 3 — 4 samples produced per 0.05 m layer. Each cylindrical sample
was cut to 0.098 m diameter to match the inside diameter of a PVC collar used to hold
the sample. The bottom of the PVC collar was covered by cheese cloth to hold the sample

in place while allowing water to drain freely from the peat samples.
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Moisture-retention measurements were carried out using a 0.56 m diameter
porous ceramic plate (Soilmoisture Equipment Corp, Santa Barbara, CA) with an air-
entry pressure of 1 bar. Pressure was controlled using a pediatric vacuum regulator
connected to a large vacuum reservoir, with moisture-retention measurements made at
pore-water pressure () steps of -5, -10, -15, -20, -30, -40, -50, -75, -100, -150, -200, and
-500 mb. Samples were first saturated for 24 h using deionized water prior to
commencing moisture-retention measurements. At each pressure step, samples were
weighed every 24 h until they approached hydrostatic equilibrium, inferred from a weight
change equal to or less than 0.1 g. Sample weight was determined using an Acculab EC-
411 digital balance, with 0.1 g precision. In order to limit evaporation from the peat
samples, the porous plate was placed in an acrylic enclosure with a water bath as a free
source of water to ensure a high relative humidity in the enclosure head space.
Nevertheless, potential water loss from evaporation was estimated using the daily average
change in weight of four 50 mL water samples placed inside the acrylic enclosure. The 50
mL beakers were weighed daily over a 13-day period using an Acculab ALC80 analytical
balance with a precision of 0.01g. A daily correction factor equivalent to 0.045 mm m2d
! was applied to the measured peat sample weights.

Bulk density, p, (kg m™), was determined from the dry weight of the peat samples
following 72 hr in an oven at 65 °C. Porosity, [ (1 — py/ps), was calculated based on an
average peat particle density, p, (kg m?), of 1475 kg m” (Redding and Devito, 2006).
Due to the non-rigid structure of peat, reported p, and [ values are based on initial

sample volume measurements. In order to quantify the effect of shrinkage on moisture-
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retention, sample height and diameter were measured at each pressure step using a
Vernier caliper. Sample weight and volume were also corrected for woody content.
Woody content was determined gravimetrically following oven drying. Woody root
volume was calculated based on the measured average bulk density of woody roots which
was determine based on a volume displacement test in ethanol. Finally, volumetric water
content, 6 (m’ m™), was calculated based on the adjusted weight and volume
measurements according to the method of Freeze and Cherry (1979).

Laboratory-based saturated hydraulic conductivity, K, (m s'), was measured
based on the constant-head method using a modified apparatus presented in Price et al.
(2008). A constant head gradient of 0.03 m was maintained across each 0.05 m peat
sample. K; was determined from the average discharge rate over three measurement
cycles, where discharge was determined from the time it took to fill a 250 mL overflow

beaker.

4.3.3 Field measurements

Laboratory moisture-retention data was supplemented by field measurements of 6
and water table depth (WTD). Field-based 8 was measured using CS-616 water content
reflectometers (Campbell Scientific (CS), Logan, Utah) installed at depths of 0.05, 0.15,
and 0.25 m relative to the surface of a hummock and hollow at each of the three study
sites. An additional sensor was installed at depth of 0.50 m in a hummock at the INT and
DRY sites due to the greater microtopographic variation at these two sites. The correction
of Hansson and Lundin (2006) was first applied to the measured CS-616 period values

before calculating @ using the three-phase mixing model for peat (Kellner and Lundin,
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2001). Porosity for the three-phase mixing model was estimated from laboratory
measurements described above. Hourly 6 values were recorded using a CR10X
datalogger (CS).

Estimates of field pore water pressure were derived from measured WTD at each
of the sites. By assuming a depth-dependent hydraulic head profile that is in hydrostatic
equilibrium with the water table, pressure at three measurement depths (0.05, 0.15, and
0.25 m) was estimated as the height above the water table. WTD was measured hourly at
all three sites in a 1.5 m deep well using self-logging Levellogger Junior pressure
transducers (Solinst, Georgetown, ON (Solinst)) and was corrected for changes in
atmospheric pressure using a Barologger Gold barometric logger (Solinst). Periodic
measurements of y were made in a representative hummock and hollow at each of the
three study sites in order to validate WTD-based w estimates. Direct measurements of
pore water pressure were made at the same depths as € using ceramic cup tensiometers
(Soil Measurement Systems, Tucson, AZ).

Field-based K; was determined using a head recovery slug test in piezometers
with an inside diameter of 0.254 m and screen length of 0.1 m. Only measurements with
greater than 90% head recovery were used for our calculations. K at depths of 0.15, 0.25,
and 0.5 m were measured at two piezometer nests at each of the three sites, with average
values based on three trials. Deeper K values were based on the average of multiple
measurements along two 275 m transects, with measurements taken at intervals of

approximately 50 m. Since piezometers were only temporarily installed for the transect-
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based K; measurements, the piezometers were pumped several times to clear debris from

the intake screen prior to the slug test.

4.3.4 Calculations and statistics

6 — y relations from laboratory measurements were modelled using the Van
Genuchten (VG) equation (1980):

0=6 + &

(1+agz/”)m 4.1)
where the subscript r denotes the residual value, a is the inverse of the air-entry pressure,
n is the dimensionless pore-size distribution index, and m = 1 — 1/n. 6,, a, and n were
determined iteratively using a Levenberg-Marquardt algorithm for a non-linear least
squares fit. The iterative process involved first using a fixed value of 6, estimated from
the linear extrapolation of the final three w-steps to a y of -1,500 mb, then solving for a
and n. Preliminary results suggested n had a narrow range of variability, therefore the
second step fixed n and solved for 6, and a simultaneously. This procedure was repeated
using the updated values for 6, and n in each subsequent iteration and continued until
parameter estimates varied by no more than 0.1%. A logistic equation was also used as an

alternative empirical fit to -y data:

40,
1+expla, - (v +0)] 4.2)

0=06 +

where a;,, 1s the slope parameters, and b is the horizontal offset.
A sigmoidal curve was used to determine the explanatory power of p, on the

variance in moisture-retention. 6 at a given y (6,,) was first normalized by [ in order to
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constrain moisture-retention values between 0 and 1. The following sigmoidal function

was used:
9_.// _ a;i; *Ps
_ 2
¢ 1+(Cl l.pb) (43)

where a”! sig 18 the slope at the origin, with independent values calculated for each .
4.4 Results

4.4.1 General hydrology

The median WT positions (2010/2011) relative to the hollow surface were 3.8/-
0.1 cm, -12.9/-13.7 cm, and -17.9/-14.9 cm for the WET, INT, and DRY sites
respectively (Fig. 4-2). There is a close correspondence between the WT positions for the
INT and DRY sites in comparison to the WET site. However, taking into account the
differences in the height of hummocks relative to the surrounding hollows between sites,
the difference in WT position relative to hummocks becomes larger, where the mean
relative height (+SE) of hummocks are 14.9 (1.0) cm, 29.6 (1.9) cm, and 40.5 (2.7) cm
for the WET, INT, and DRY sites respectively. Rainfall during the 2011 measurement
period (407 mm) was much lower compared to 2010 (643 mm), leading to greater WT
declines in 2011. Combined with wetter early spring conditions in 2011, the WT
distribution was much broader in 2011, thus providing better overlap for a comparison of
WT response to rainfall events. The maximum WT drawdown in the 2011 growing

season increased from WET (36 cm), to INT (41 cm), to DRY (50 cm), where the
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magnitude of average WT response to rainfall events was 1.2 cm, 2.0 cm, and 2.0 cm at
the WET, INT, and DRY sites respectively.

Nevertheless, depth appears to have a stronger influence on the WT response to
rainfall than site, where rainfall as a proportion of WT response is near 1 when WT is
near the surface, decreasing to roughly 0.2 when the WT position is -55 cm (Fig. 4-3 —
upper panel). Based on a 2-way ANOVA, the depth class is significant (p<<0.01, d.f. =
7), while site is not (p = 0.130, d.f. = 2). It is important to note that only two depth-
classes are common to all three sites, so the above site-effect is skewed by non-
overlapping depth classes. Furthermore, WT response to rainfall does not take into
consideration potential differences in specific yield (S,) between hummocks and hollows,
where the proportion of each site covered by hummocks increases from WET (0.39), to
INT (0.49), to DRY (0.63). Since S, was not measured directly, we used the difference
between [ and the water retained at 7 = -5 cm as a surrogate to examine the effects of
site, depth, and microform on S,. Fig. 4-3 (lower panel) shows that, overall, S, tends to
decrease with depth, with average surface values of 0.67 for hummocks and 0.55 for
hollows, and values at depth of 0.35 for hummocks and 0.30 for hollows. In hollows, S,
decreases relatively rapidly at an average of -0.013 em™ (F =-0.710, p = 6.6E-05), while
in hummocks S, decreases more gradually at an average of -0.007 em™ (r* = 0.777, p <<
0.01).

A similar depth-dependent trend was observed in the field-based K data at the
WET and DRY sites. A power function was fit to log-transformed depth-dependent

median K; for the WET and DRY site yielding exp(119.1d" I 9.4) for the WET site and
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exp(100.3¢% — 17.2) for the DRY site, where d is depth. K was relatively high at all
three sites for the 10 — 20 cm interval, ranging from 0.21 — 0.44 cm s™ with an order of
magnitude decrease in K at all sites for the 20 — 30 cm interval (Fig. 4-4b). K; was
observed to continue decreasing at the WET and DRY sites to a minimum of 4.87 x 10°
cm s and 7.24 x 10° cm ™! respectively. K in the top 25 cm was examined across
microforms using lab-based measurements. While Fig. 4-4a suggests no strong relation
between K and p,, for samples in the top 25 cm, near-surface K; was lowest at the WET
site (0.05 cm s'l), with higher median values at the INT (0.284 cm s'l) and DRY (0.389
cm s'l) sites. The lower near-surface K; values at the WET site may be attributable to
greater peat compression during the test. Although not observable during the K; test, the
change in volume of peat samples was monitored during the moisture retention
measurements. A two-way ANOVA showed that both site (p = 0.027) and microform (p
<< 0.01) were significant factors for explaining changes in peat volume with decreasing
v, while interactive effects were not (p = 0.137). Overall, the median magnitude of
volume change was greater in hollows (-15.7%) compared to hummocks (-8.3%), and

decreased from WET (-12.7%) to INT (-11.1%) to DRY (-9.8%).

4.4.2 Bulk density

Near-surface (0 — 25 cm) p;, was relatively low across all three study sites, ranging
from 6 to 106 kg m™, with a median value of 23 kg m>. Porosity ranged from 0.921 to
0.994, with a median value of 0.982 (Table 4-1). An unbalanced two-way ANOVA was
used to test for significant effects of site and microtopography, as well as interaction

effects on near-surface p,. Only microtopography (p<<0.01) had a significant effect on
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near-surface pj, while both site (p = 0.05) and interaction effects were not significant (p =
0.11). Lumping all sites together, the near-surface p, for hummocks (pp, n.m) Was relatively
invariant with depth, while p; in hollows (p; 1,) tended to increase with depth (Fig. 4-5).
Comparison of the marginal means using the Tukey-Kramer method shows that py, . 1S
significantly greater than pp ., (o0 = 0.95) in the near-surface. Based on Fig. 4-5, the
higher average near-surface pj,j, 1s related to its increase with depth. Due to the
similarity in p, between sites and apparent depth-dependency in hollows, a two-way
ANOVA was used to test for significant effects of microtopography and depth, as well as
interaction effects on near-surface p,. Both factors and their interaction were significant
(p<<0.01). A comparison of the interaction groups showed that there were no significant
differences between surface samples between hummocks and hollows as well as amongst
all near-surface hummock samples. All p;, 5o groups from 5 — 25 cm were greater than all
hummock groups, while significant increases with depth in hollow groups occurred at
depths of 7.5 cm at the DRY site and 12.5 cm at the WET and INT sites (Fig. 4-5). pp hum
tended to increase at greater depths at all sites, occurring at 17.5 cm, 27.5 cm, and 47.5
cm at the WET, INT and DRY sites respectively based on the marginal means of

microtopography x depth groups (o = 0.95).

4.4.3 Lab and field moisture-retention

When grouped according to site and microtopography, there is not a large
difference in the moisture retention for samples in the 0 — 10 cm range (Fig. 4-6a).
Nevertheless, on average, hollow samples for a given site tend to retain more water at a

given y in comparison to hummock samples. For samples from the 0 — 10 cm interval,
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hollows retain on the order of 0.1 m®> m™ more than hummock samples over much of the
measured y range. Furthermore, within both hummocks and hollows, moisture retention
for the INT and DRY sites corresponds much more closely to one another than to the
WET site. These general trends differ for samples deeper in the peat profile (15 — 25 cm)
where moisture retention in hummock samples remains largely unchanged, and where
hollow retention has noticeably increased (Fig. 4-6b). For samples from the 15 — 25 cm
interval, hollows retain on the order of 0.25 m® m™ more than hummock samples over
much of the measured y range, with diminishing differences at lower (more negative) .
Furthermore, the distinction between the WET samples and the other two sites is no
longer present.

The summary of VG parameters for all site x microtopography x depth
combinations (Table 4-1) shows similar patterns. An ANOVA was used to examine the
effect of site, microtopography, depth, and their interactions on 8,, @, and n. Depth and
microtopography, as well as their interaction, were significant (p<<0.01) for 6,. A
comparison of the marginal means using the Tukey-Kramer method shows 6, increases
with depth in hollows, but not hummocks. Examining surface values alone, we see that
the average 6, increases from WET (0.058 m’ m'3) to INT (0.088 m’ m? ) to DRY (0.108
m’ m>). Broadly similar depth-dependent findings apply to o (transform applied to
normalize a), but with decreased significance (e.g. microtopography (p=0.0002); depth
(p=0.040); and their interaction (p=0.084)). For n, however, depth is not a significant
factor (p=0.276), while microtopography (p=0.003), site (p=0.001), and their interaction

(p=0.0004) are significant. A comparison of the marginal means using the Tukey-Kramer
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method shows the difference in n between hummocks and hollows decreases from DRY,
to WET, to INT.

In order to assess whether lab-based measurements broadly corresponded with
field-based moisture retention, continuously measured 6 and relative WT position were
used, where the relative WT position was taken to represent the approximate pore water
pressure. Field y measurements were sparse, so the assumption of an equilibrium -
profile was assessed by combining all sites and microtopography (Fig. 4-7a). Given the
relative uncertainty in y and relative WT position, an orthogonal linear regression was
used. The slope of the regression (£SE) is 0.953 (0.027), making it close to a 1:1 relation,
but where the difference is statistically significant (p = 0.085, df = 232), and with only
45% of w measurements between the £5 cm uncertainty of the tensicorder. Field-based
estimates of moisture retention (Fig. 4-7b) show more scatter than lab-based
measurements, but provide more data at small y values as well as 8 during both wetting
and drying phases. Estimates of [] and 6, from field data broadly correspond with lab-
based data presented in Table 4-1, whereas estimates of a and n do not. The flexibility of
the VG curve combined with the non-linear fit method may be partly responsible for the

disparity between field and lab-based estimates of o and n.

4.4.4 Van Genuchten vs. logistic

Since the field-based VG parameters are based on an estimate of relative WT
position, the effect of the uncertainty in relative WT position on the non-linear fit was
examined. Fig. 4-8a shows that the VG fit is sensitive to relatively small uncertainty in

the relative WT position, particularly for positive values. Since there is uncertainty of up
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to £5 mb for the vacuum regulator we used for lab-based 6-y measurements, the same
sensitivity may apply to lab-based estimates as well. The greater sensitivity in the
positive range relates to the rapid loss of water from low density peat at small negative v,
where positive WT uncertainty moves the recession curve closer to y = 0. From Fig. 4-
8a, each parameter in the VG equation, where [ is taken to be fixed, is dependent on one
another. Combined with limitations on the non-linear curve fitting procedure, this
produces non-monotonic behaviour in the relation between estimated VG parameters and
uncertainty in the relative WT position. Based on Fig. 4-8a, in order for field-based VG
parameters to correspond with lab-based measurements would require a systematic error
in relative WT position of approximately 4 cm. Conversely, there could be systematic
error in the lab measurements of y. A systematic error of 4 cm is within the stated
uncertainty range (+5 cm) of the vacuum gauge used to control  in the porous ceramic
plates. The relatively high sensitivity of the VG parameters not only limits the ability to
compare field and lab-based measurements, but also limits comparisons with other
studies, particularly if y is subject to systematic error.

An alternative approach would be to use a curve with less flexibility while having
parameters which have a physical interpretation. The logistic equation shown in Fig. 4-8b
is a suitable candidate, where all points are a double reflection about the lines y = ([ —
6,)/2 and x = -b (or conversely a 180° rotation about the point (-b, (' — 6,)/2). Moreover,
the form of the logistic equation used has only one free shape parameter (a), along with
scaling/translation parameters [, 6, and b, where a and b are analogous to n and o in the

VG equation. The benefits of the logistic equation in light of potential systematic error
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can be seen in Fig. 4-8b, where only the b parameter is affected and changes are

monotonic.

4.4.5 Emipircal relations for moisture-retention parameters

The VG n represents the pore size index, yet based on our results there is no
apparent relation with p, (Fig. 4-9a). If we consider the distribution of n, it has a near
normal distribution (p = 0.133), where some skewness has been artificially introduced as
a matter of expediency in the non-linear fitting process by limiting n estimates to values
equal to or greater than 1.1. Modifying the VG equation so that n = 2, creates a sigmoid-
like curve with properties similar to the logistic function presented in Fig. 4-8b. However,
the mean n (xSE) from our samples is 1.72 (0.02), which is close but significantly
different (p<<0.01) than 2. We assume that the VG a parameter should be related to S,
since it is supposed to represent the air entry pressure. Using the yield of water at y = -5
cm as a surrogate for S,, we see that it is a good predictor of a if we assume that large
values of a are outliers (Fig. 4-9b). This is not an unreasonable assumption, given that
high a values represent an air-entry pressure approaching zero, making the a estimate
highly sensitive to the tolerance of the fitting procedure and dependence on other
parameter estimates. However, considering that we would expect a low air entry pressure
for near-surface peat with high [ and low p; which is the case for all WT treatments, the
reliability of a estimates and therefore the ability to compare between studies becomes
questionable. Finally, we would expect that the true 6,, or  at any sufficiently low v, to
be well correlated with p;. Fig. 4-9c shows only a moderate correlation between the VG

6, parameter and p,, where a grouping of near-zero 6, at intermediate p; values appears to
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be the result of the interdependence of parameters and the fitting method rather than
physically based.

Fig. 4-10 shows equivalent results to Fig. 4-9, but in relation to the logistic fit.
While p, only explains a moderate amount of variance in a, this is a vast improvement
over the results from Fig. 4-9a, where the slope of the logistic curve at i = -b is inversely
related to p;, (Fig. 4-10a). Although the amount of explained variance in b is similar to
that for a, there is no need for assumptions about how to treat outliers, or rather about the
behaviour of the fitting procedure as the air-entry pressure approached zero. Similar to a,
a simple inverse relation is used to describe the decrease in b with increasing [ - 0,—_5 ¢
(Fig. 4-10b). Unlike the results from Fig. 4-9a, the 6, estimate using the logistic equation
is not interdependent with the other parameters and thus yields estimates that are better
correlated with p,. It should be noted that while p;, and [J — 6,5 ., provide more robust
parameter estimates for the logistic fit, the VG parameterization yields higher > and
RMSE compared to the logistic fit. The median r* and RMSE for the VG
parameterization is 0.983 and 0.018, and 0.889 and 0.052 for the logistic fit.

Although 6, using the VG or logistic equation is the limit as y approaches -co, the
lower range of y applied to our samples provide a close approximation to 6, due to the
low density and high proportion of large pore spaces in our samples. Fig. 4-11a shows
that p,, explains a high degree of variance in 0,,-.200 -n, Where 6 has been normalized by [
in order to provide a natural upper limit of one. Given the range in measured p;, Fig. 4-
11b shows that p;, can be used to predict § with a relatively high degree of confidence.

For y less than -10 mb, p, explains over 0.69 of the variance in 6,/L]. Consequently,
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qualitative variables such as depth interval, microtopography, and site do not have a
strong direct effect on moisture-retention (once correlation with p, is removed). An
ordinary least-squares regression for the relation between a,;, and In(y) yielded slope and
intercept (£SE) parameters of 29.6 (1.64) and 5.11 (6.65). Although the log-linear model
explains a large amount of variance in a;,(y), pp, is a poor predictor of 6,/L] for y > -10

mb given the moderately low 1 values.
4.5 Discussion

4.5.1 General hydrology

Short-term WT manipulation experiments, on the order of seasonal to ten years
post-drainage, have shown relatively large surface adjustments (Schlotzhauer and Price,
1999), increases in p, and WT variability, and decreases in K (Price, 2003; Whittington
and Price, 2006) in response to drying. An assessment of the vegetation community
across WT treatments in this study shows that, within microform type, there was no
significant change in the abundance of the dominant vascular and Sphagnum species
between WT treatments (Hribljan, 2012), but where we observed a difference in the
relative abundance of microforms between sites. This may suggest that the short-term
hydrological impact of WT manipulation, when on the order of £10 cm, on p;, S, and K;
may be mediated by long-term shifts in microform distributions due to the greater
competitive advantage for hummock Sphagnum species under drying (Grosvernier et al.,
1997; Robroek et al., 2007), along with the inherent hydrophysical properties associated

with different Sphagnum species (Hayward and Clymo, 1982; McCarter and Price, 2012)
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and recalcitrance of hummock forming species regardless of WT treatment (Turetsky et
al., 2008).

The difference in WT variability we observed between WT treatments was the
result of the difference in depth-dependence in S, between hummocks and hollows, and
the proportion of hummocks and hollows at each site. Nevertheless, this has important
implications for the hydraulic structure and function of each site, where the WT typically
resides in lower K peat, particularly at the DRY site. The large reduction in K with
depth, which has been observed in a number of peatlands (c¢f. K; summary table in Letts
et al., 2000), combined with low hydrologic gradients results in slow turnover in peat
pore water at depth, limiting decomposition particularly for peatlands with large lateral
extent and low annual net rainfall (Morris and Waddington, 2011). The lower average K,
at the DRY site in comparison to the WET site can be viewed as a negative feedback to
potential carbon loss which has been observed for Sphagnum dominated sites under
short-term extreme WT drawdown (Strack et al., 2009). However, subsidence of the peat
surface (or lack thereof) in response to short-term drying, which we observed to be
greater in hollows, has important implications for changes in carbon exchange (Oechel e?
al., 2000; Strack and Waddington, 2007). Again, the short-term response would be
mediated by long-term changes in the proportion of hummocks and hollows in response

to long-term WT drawdown.

4.5.2 Bulk density
Similar to the findings of Boelter (1969), our results highlight the utility of p; as a

simple explanatory variable for describing the 9-y relations of peat. Moreover, our results

149



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

show that, systematic differences in 6-y relations between hummocks and hollows or
with depth are explained by differences in p,. This strong explanatory power occurs
despite differences in botanical origin (Sphagnum species and vascular vegetation)
dominant in hummock and hollows at each of the respective sites (Hribljan, 2012). The
lower p, of near-surface hummock samples is in contrast to other studies that show
greater p, and stem density for Sphagnum species growing further from the WT (Luken,
1985). While in general higher moisture content in hummock species for a given WT
depth can be attributed to the morphology of the capitula (Hayward and Clymo, 1982),
and greater branching and tight branch packing on Sphagnum stems (Green, 1968; Clymo
1970) which enhances capillary rise, greater retention in the capitula and a larger
proportion of small pore space does not necessarily translate to greater retention at larger
scales if not accompanied by higher stem densities. The low p, and lack of depth
dependence in hummocks over the top few decimeters may be related to the inherent
recalcitrance of hummock forming Sphagnum (Turetsky et al., 2008), limited dynamic
stress associated with WT variation in upper hummocks, and the relatively high
abundance of woody shrubs (Hribljan, 2012) providing structure that limits consolidation
of the peat matrix. Other studies have shown that, over similar depth intervals,
herbaceous peat has a slightly higher p, compared to moss peat (Boelter, 1969;
Gnatowski et al., 2010). For our study site, although total vascular belowground biomass
is similar between hummocks and hollows, the proportion of graminoids is on the order

of two to five times greater in hollows (Hribljan, 2012), potentially contributing to high

Pb-
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4.5.3 Moisture retention

Uncertainty in fixed model parameters, such as [J and often 6,, and differences in
experimental design complicates direct comparison of VG parameters between studies. In
the case of [, our values are calculated from p; and p;, and thus depend on the p, estimate
used. Overall, the range in measured p; for peat is relatively small, where values ranging
from 1350 to 1630 kg m™ were obtained over a range of peat types including sedge,
Sphagnum, and woody peat (Paivanen, 1973), and more generally for bog and fen peat
(Silins and Rothwell, 1998; Price, 2003; Redding and Devito, 2006). Values of p; for peat
types analogous to our study sites were determined by Redding and Devito (2006), where
they found peat p, values of 1440 kg m>, 1500 kg m™, and 1570 kg m” based on three
surface samples from a bog hummock, hollow, and open fen respectively. Given their
reported level of uncertainty, there was no significant change in p; with depth (a = 0.05).
Using the range of p, reported by Redding and Devito (2006), only a small amount of
uncertainty is introduced into our [/ and VG parameters estimates, with maximum
relative uncertainties of 0.9%, 3.7%, 2.2%, and 1.9% for [1, a, n, and 0.,.

For moss peat with a similar range of p,, Gnatowski et al. (2010) report similar
estimates of 6,, but a lower average n of 1.4 and a of 0.016 cm’’. The lower a, equivalent
to an air-entry pressure of 63 cm seems incongruous with the amount of large pore spaces
typically present in low density moss peat. We believe their low average o is a result of
their methodology, where the first y-step used was -100 mb. This limits the ability to
adequately characterize the recession curve, where our data shows that even with y-steps

beginning at -5 mb, much of the water has already been lost from the sample (Fig. 4-5).
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Within the literature, our 6-y data corresponds closely with data for Sphagnum
magellanicum presented by McCarter and Price (2012) with a similar p;, range of 7 to 140
kg m™ over the top 0.3 m, and a values from 0.07 to 2.66 cm™'. However, similar to other
studies (e.g. Thompson and Waddington, 2013), the reported n values are lower, with
typical values less than 1.5. While McCarter and Price (2012) only measure 4 to y = -25
mb, most samples appear to be decreasing asymptotically by the lower w-step. The
systematic difference in n can be attributed to treating 6, as a fixed rather than free, or
conditionally free parameter. If, for example, we take a subsample (n = 59) of our results
and derive VG parameter estimates using a fixed value for 6, of 0.01, the average n value
drops from 1.91 to 1.34. Furthermore, there is only a weak correlation between
normalized n-values using both methods (r2 = 0.20, p<0.01) because of a simultaneous

non-linear change in a (analogous to Fig. 4-8a).

4.5.4 VG vs. logistic

Weiss et al. (1998) tested several 8-y models for both drained and undrained peat,
where the VG equation was found to be most suitable if 6, was set to zero. While
arbitrarily setting 6, to zero (or near zero) may be validated by using a positive pressure
pore-water extractor which can achieve much higher pressures than our experimental
setup which was limited to 1 bar, we feel that the assumption and use of a zero 6, is often
used as a necessary limit on the number of free parameters in the VG equation in order to
achieve rapid, unique solutions for the non-linear fitting procedure rather than being
physically based. In fact, 8-y data presented by Boelter (1969) for a range of peat p; and

botanical origin shows that 6, (8 at y = -15 bar) is only near zero for live undecomposed
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Sphagnum moss, whereas moderately to well decomposed woody or herbaceous peat can
have a 0, in excess of 0.2 m®> m™. By allowing 6, to be a conditionally free parameter by
using an iterative method, our results align with those of Boelter (1969) where our 6,
estimates for Sphagnum moss peat are roughly in the range of 0.05 to 0.15 m’ m>.
Furthermore, under conditions of persistent WT drawdown such as we observed between
WT treatments, differences in 6,, or conversely 6 at low y values may have important
implications for Sphagnum productivity and the abundance of hummock versus hollow-
forming Sphagna at a particular site. The modification of the VG equation for better
convergence in the non-linear fitting method reduces its physical basis and puts it in the
same category as the empirical logistic equation we have presented. Similarly to what we
have shown (Fig. 4-9 and 10), Weiss er al. (1998), demonstrate that empirical 6-y
equations offer greater robustness compared to the VG model with respect to the
explanatory power of peat characteristics on model parameters.

While the logistic curve provides both a good empirical fit to our -y data and
parameters which are well correlated with p; and S, it is recognized that the usefulness of
the logistic curve is partly dependent on the fact that we lacked deep and/or high density
samples. The range of p,, (or conversely [ ) we report is of a similar magnitude to values
reported by a number of studies, including: undisturbed Sphagnum peat from the top 30
cm of hummocks (McCarter and Price, 2012); Sphagnum moss and herbaceous peat
(Boelter, 1969); and a combination of undrained near-surface hummock and hollow,
burned and unburned peat (Sherwood et al., 2013; Thompson and Waddington, 2013).

We did not observe p; in excess of 100 kg m™ in the unsaturated zone such as has been
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observed for peat that has undergone drainage (Schwarzel et al., 2002; Gnatowski et al.,
2010; Sherwood et al., 2013). Furthermore, we did not examine py, deeper in the peat
profile, where it is subject to permanent saturation. However, we argue that from a
modelling standpoint that 8-y becomes progressively less important as you move deeper
into the peat profile since at depth, saturated conditions prevail and thus K; dominates.
Furthermore, p, data from Minnesota peatlands which occupy a similar hydroclimatic
setting as our study area show that for a raised bog, pj is relatively constant with depth,
while for fens p;, was shown to have a weak positive correlation with depth, but limited to

values less than 140 kg m™ over the 2 m depth (Chason and Siegel, 1986).

4.5.5 Empirical relations for moisture-retention parameters

Peatland hydrologic functioning is strongly modified by the deformable nature of
the peat matrix (Price and Schlotzhauer, 1999; Price, 2003; Whittington and Price, 2006),
where the influence of shrinkage on 6-y is not well understood (Kellner and Halldin,
2002). Kennedy and Price (2005) present a conceptual model for the effect of volume-
change on peat hydrophysical properties where they distinguish between volume changes
as a result of oxidation, compression, and shrinkage. Compression is the result of
increasing stress or load of overlying material and WT changes, while shrinkage in the
unsaturated zone is related to changes in . Insofar as the role of shrinkage on p;, and 6-y
relations are concerned, our lab results capture the effect of shrinkage by tracking volume
changes at each y-step, where failure to account for shrinkage at progressively higher y
can lead to a large underestimate of @, particularly when the degree of humification is low

(Schwarzel et al., 2002). One of the potential benefits of the logistic equation for
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modelling 8-y relations is a more robust simulation of transient peat properties based on
permanent increases in p, over time and/or with depth as a result of oxidation and
compression beyond the point of elastic deformation. Furthermore, by linking peat
hydrophysical properties to p;, differences in volume change between WT treatments or
microforms, as we observed, can be dynamically linked to moisture retention. Our
empirical relation for 8-y builds on that presented by Kennedy and Price (2004), who
modify air-entry pressure based on an empirical equation which accounts for the effect of

pp changes on [, by also modifying the pore-size distribution index parameter and 6,.

4.6 Conclusions

With a focus on the unsaturated zone, our study shows that there are significant
differences in the hydrophysical properties of peat between microforms, but where no
large change in p, was seen as a result of the hydrologic gradient created by the water
table manipulations. However, the depth at which p, increased loosely corresponded with
the median WT depth observed over the two study growing seasons, where we believe
the persistence of Sphagnum capillifolium and the recalcitrance of hummock forming
Sphagna may contribute to the apparent resilience in -y relations. While we did not
observe significant differences between sites, we did observe a greater proportional
coverage of hummocks at progressively drier sites. This suggests that, while peatland
ecohydrological models may not need to account for changing 6-y relations as a result of
modest increases in soil moisture deficits under future climate change scenarios, they
should account for changing proportional coverage of microforms and their associated 6-

w relations.

155



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

The utility of the VG equation for describing 8-y relations is limited, particularly
for low density near-surface peat, due to a lack of simple, robust explanatory variables for
the VG parameters. However, it is of critical importance to have a good understanding of
the near-surface 6-y relationship and its controls for near-surface peat and live Sphagnum
in order to model the stress response of Sphagnum to WT drawdown. The survival of
Sphagnum under conditions of WT drawdown are mechanistically linked to the w
(Thompson and Waddingon, 2008), where water storage cells in the capitula (hyaline
cells) will drain at a y in the range of approximately -100 to -600 mb based on the
average pore size of hyaline cells (Hayward and Clymo, 1982; Lewis, 1988). We suggest
that by using the respective 8-y relations of hummocks and hollows along with moisture-
productivity relations, the competitive advantage of Sphagnum from contrasting
microforms could be assessed.

Finally, we presented an empirical logistic equation that has several desirable
qualities which should be considered for future 8-y studies with peat. Similar to the VG
equation, the logistic parameters have analogous representations for air-entry pressure
and pore-size distribution index while not being sensitive to uncertainty in WT position
for field-based measurements, or y in lab-based measurements. This is important given
the high [] of the moss surface across microforms which would confer low air-entry
pressures and where [ varies only slightly with WT treatment at SNWR. Furthermore,
the ability to predict model parameters from simple peat properties such as pp is
advantageous for modelling due to its small data requirements and the ability to

mechanistically link p, to changes in production, decomposition, and export based on
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changes in temperature and precipitation inputs, as well as dynamic 8-y properties based
on the shrinking and swelling of peat with WT fluctuations which we show to be greater

in hollows and vary based on WT treatment.
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4.8 Tables

Table 4 - 1: Summary of mean hummock (HUM) and hollow (HOL) Van Genuchten
parameters (std) for moisture-tension relations for the WET, INT, and DRY sites at
SNWR. (* - Reported values are medians

Site WET INT DRY
Depth HUM HOL HUM HOL HUM HOL
(cm)
0 25 0.991 0.986 0.981 0.983 0.979 0.982
(0.003) (0.005) (0.004) (0.005) (0.004) (0.005)
75 0.989 0.976 0.982 0.976 0.980 0.975
(0.003) 0.012) (0.003) 0.012) (0.003) (0.005)
12,5 0.988 0.956 0984 0.961 0.983 0.964
(0.003) (0.020) (0.001) (0.007) (0.004) (0.004)
17.5 0.984 0.937 0.984 0.951 0.984 0.961
(0.007) (0.014) (0.003) (0.004) (0.002) (0.004)
225 0.978 0.938 0.981 0.952 0.982 0.955
(0.007) 0.014) (0.003) (0.005) (0.003) (0.007)
0, 25 0.048 0.068 0.092 0.083 0.105 0.110
(0.040) 0.071) (0.077) (0.069) (0.046) (0.053)
75 0.080 0.084 0.107 0.113 0.128 0.156
(0.048) (0.073) (0.084) (0.061) (0.044) (0.051)
12.5 0.068 0.075 0.054 0.130 0.062 0.126
(0.043) (0.089) (0.056) (0.107) (0.050) (0.119)
17.5 0.069 0.095 0.031 0.149 0.058 0.135
(0.042) (0.125) (0.047) (0.135) (0.045) (0.116)
225 0.078 0.099 0.033 0.101 0.073 0.153
(0.059) (0.125) (0.061) (0.149) (0.056) (0.122)
ot |25 0.74 0.42 1.38 1.01 0.69 0.69
(ecm |75 0.85 5.45 1.20 0.84 0.78 0.54
h 12.5 0.65 1.07 2.12 0.37 0.81 0.66
17.5 0.49 0.34 2.89 0.44 0.89 0.43
225 0.52 0.16 141.5 0.10 0.77 0.31
n 25 1.89 (0.25) | 2.11(0.73) | 1.53(0.37) | 1.83(0.52) | 1.95(0.25) | 1.59(0.23)
75 1.95(0.39) | 1.84(0.91) | 1.62(0.38) | 1.81(0.52) | 2.01(0.27) | 1.65(0.33)
12,5 1.99 (0.24) | 1.50(0.21) | 1.55(0.32) | 1.58(0.23) | 1.99 (0.22) | 1.54(0.24)
17.5 1.99 (0.26) | 1.55(0.28) | 1.48(0.20) | 1.49(0.27) | 1.90(0.10) | 1.55(0.22)
225 1.97 (0.33) | 1.62(0.22) | 1.52(0.40) | 1.51(0.36) | 1.89 (0.21) | 1.63(0.15)
r 25 0.97 (0.03) | 0.98(0.01) | 0.97 (0.03) | 0.97 (0.02) | 0.97 (0.03) | 0.98 (0.02)
75 0.98 (0.02) | 0.98(0.01) | 0.98(0.02) | 0.97(0.02) | 0.97 (0.03) | 0.96 (0.02)
12.5 0.97 (0.03) | 0.97(0.02) | 0.99 (0.01) | 0.98(0.01) | 0.97 (0.04) | 0.97 (0.01)
17.5 0.97 (0.03) | 0.98(0.01) | 0.99 (0.01) | 0.98(0.01) | 0.98(0.03) | 0.98 (0.01)
225 0.98 (0.02) | 0.97 (0.01) | 0.97 (0.02) | 0.98(0.01) | 0.98(0.03) | 0.97 (0.01)
# 25 10 6 9 6 8 9
75 15 7 9 9 9 9
12.5 12 5 7 6 6 6
17.5 12 5 4 6 6 6
225 11 4 4 4 6 6
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4.9 Figures

L 1953 [N

Figure 4 - 1: Seney National Wildlife Refuge (SNWR) study area in the Upper Peninsula
of Michigan (46.20° N, 86.02° W, elev. ~205 m a.s.l.) showing the three primary
sampling locations. The left panel shows the study area prior to berm construction
(SNWR airphoto BWD-5K-147), while the right panel shows the location of the berm
(white dashed line) and impact on surface ponding (Google Earth — imagery date:
31/05/2005 — USDA Farm Service Agency).

163



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

0.08

— WET
— INT

0.07} ]
— DRY

0.06 ]

0.05} ]

PDF

0.04} :
0.03} \ T, ]
0.02} AP ]

0.01} SOV

-

-60 -40 -20 0 20
WT (cm)

Figure 4 - 2: Estimated WT probability distribution from early May to mid-Oct. using a

normal kernel function. Reported WT is relative to the local hollow surface at all three
sites for the 2010 (solid lines) and 2011 (dashed lines) growing seasons.
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Figure 4 - 3: Boxplots of the depth dependence of the rainfall-water table response (top
panel) for the WET (blue), INT (green), and DRY (red) sites. Dots represent the 95%
confidence interval on the median. Lower panel shows estimated differences in mean
(symbols) specific yield by site, separated into hummocks (solid symbols) and hollows
(empty symbols). Error bars show standard error.
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Figure 4 - 5: Boxplots of the depth dependence of peat sample bulk density with all sites
lumped together. Black dots represent the 95% confidence interval on the median.
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Figure 4 - 6: Comparison of lab-based moisture retention for 0.05 m thick peat samples
lumped over 0 — 0.1 m (a) and 0.15 — 0.25 m (b) depth intervals. The mean (symbols) and
standard error (bars) are reported for both hummocks (filled symbols) and hollows (open
symbols). Lines represent the non-linear least-square fit of the Van Genuchten equation.
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Figure 4 - 7: Field-measured pore water pressure versus relative water table position (top
panel). Solid 1:1 line represents an equilibrium v profile, with dashed lines representing
tensicorder measurement error (+5 cm). Field-based moisture content as a function of
relative water table position (bottom panel). Van Genuchten fit (solid grey) and 95%
confidence interval on the curve shown (dashed grey).
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Figure 4 - 8: Uncertainty analysis of Van Genuchten (a) and logistic (b) parameters using
a non-linear least squares fit for field-based moisture-retention data.
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Figure 4 - 11: Sample relation between moisture content at a pore water pressure of -200
mb normalized by porosity (Oy=-200 cm/[1), and bulk density (pb) for hummock (open)
and hollow (filled) samples (a). A sigmoid fit (solid line) and the 95% confidence interval
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confidence interval on the curve (dashed line) are shown.
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CHAPTER 5: MODELLING SPHAGNUM MOISTURE STRESS IN

RESPONSE TO 21* CENTURY CLIMATE CHANGE

5.1 Abstract

Sphagnum moss is associated with wet habitats such as northern peatlands, which
may be vulnerable to enhanced summer moisture deficits due to climate change. We
adapted a physically based, 1-dimensional (vertical) water-balance model to investigate
the role of topographic position and depth-dependence of hydrophysical properties on
Sphagnum moisture stress response to current and projected climate conditions in a
northern Michigan peatland. Water table (WT) level was shown to have a strong control
on soil water pressure (), and thus on Sphagnum moisture stress. As a result of the close
correspondence between laboratory measured surface peat hydrophysical properties for
hummocks and hollows used to parameterize our model, microtopographic position was
shown to have a greater impact on Sphagnum moisture stress. Model behaviour suggests
that, while y maintains equilibrium-profile values relative to the WT level for relatively
shallow values, surface y becomes non-linearly related to WT level below a value of
approximately -0.4 m, thus greatly increasing the likelihood of desiccation under future
climate scenarios where growing season soil moisture deficits are projected to increase.
The results from our simulations demonstrate the need for a better understanding of
Sphagnum moisture-stress dynamics. The simulated range of instantaneous and
cumulative moisture-stress for hollows under future climate conditions closely

corresponds to the range exhibited by hummocks contemporarily. Therefore, in order to
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assess the competitive advantage of various Sphagnum species to future climate
conditions, more data is needed to better inform a physiological y-based moisture-stress
threshold, the evolution of the stress response to increasing levels of desiccation, and its

subsequent recovery dynamics.

5.2 Introduction

Northern peatlands (i.e., those north of 45°N) represent a globally-important long-
term sink of soil carbon (C) (~ 220 — 550 Pg C) (Gorham, 1991; Turunen et al., 2002;
Yu, 2011) due to cool, wet soil conditions, and the inherent biochemical recalcitrance of
peat-forming plants. Under projected future climate change (IPCC, 2007), water table
(WT) levels in northern continental peatlands are likely to fall (Roulet et al., 1992).
Sphagnum moss, which is a dominant peat-forming species (Hayward and Clymo, 1982),
has a non-vascular structure and so relies on passive capillary transport from the WT to
avoid desiccation. Since the water content in the apical bud of Sphagnum (capitula) is
related to WT depth up to several dm (Rydin, 1985; Strack and Price, 2009), and capitula
net productivity is non-linearly related to water content (Titus et al., 1983; Rydin and
McDonald, 1985; Schipperges and Rydin, 1998; Strack and Price, 2009), WT position is
commonly used to model long-term peatland ecohydrological and carbon flux responses
to climate change (e.g., Roulet et al. 1992, Frolking et al. 2002). For example, Ise et al.
(2008), who non-linearly link peatland carbon dynamics with WT level, suggest that the
combined effects of drying and increasing peat temperatures will result in future
catastrophic peatland degradation, which represents a positive feedback to climate

forcing through enhanced peat decomposition and associated greenhouse gas emissions.
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However, short-term in-situ field experiments (e.g., Chivers et al., 2009; Strack and
Waddington, 2007) have demonstrated that changes in the moss community occur in
response to a sustained WT drawdown. A decrease in Sphagnum cover (Gunnarsson et
al., 2002) and an increase shrub and tree cover (Pellerin and Lavoie, 2003) has also been
associated with long-term drying. Strack er al. (2009) suggest that resilience of the
peatland carbon pool to climate change may be controlled by the contemporary
distribution of Sphagnum moss species that occupy both wet (hollows) and dry
(hummocks) habitats, whereby a change in the moss community, coupled with the
associated internal ecohydrological feedbacks (e.g., Kettridge et al., 2013), may enhance
peatland resilience to prolonged drought.

Sphagnum species distribution is strongly controlled by y and the ability of
different Sphagnum species to withstand low (more negative) capitula y without
undergoing severe desiccation (Thompson and Waddington, 2008). For example,
hummock-forming species such as Sphagnum fuscum are raised above both the
surrounding hollows and WT, and therefore must withstand lower y than hollow species.
Regardless of species specific thresholds, below a moisture-dependent optimal
productivity, a lower WT leads to greater moisture stress. However, both hummock and
hollow-forming species are generally desiccation intolerant as Sphagnum generally
recovers poorly from severe desiccation (McNeil and Waddington, 2003; Shipperges and
Rydin, 1998). The competitive advantage of hummock species under dry conditions is
therefore at least partly attributable to their greater moisture retention properties (cf.

McCarter and Price, 2012) and their ability to avoid desiccation, thus leading to greater
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productivity under dry conditions (Strack and Price, 2009). As such, a prolonged
decrease (increase) in soil moisture could cause a shift towards more drought-tolerant
(intolerant) hummock (hollow) species. This in turn could cause a shift in ecosystem
function due to the relatively lower (higher) decomposition rates (Johnson and Damman,
1991; Turetsky et al., 2008) in hummock- (hollow-) forming Sphagnum species.
Therefore, models which simulate peatland carbon dynamics over long timescales
which do not incorporate vegetation dynamics are likely to overestimate the sensitivity of
peatlands to climate change. In order to be able to predict the likelihood of shifts in the
relative abundance of Sphagnum species within peatlands, a better understanding of the
response of Sphagnum moisture-stress to fluctuations in peat moisture storage is required,
where species morphology and the hydrological impact of topographical position must be
taken into account. Since the stress response of Sphagnum is directly related to capitula
v, in order to accurately model surface moisture dynamics of Sphagnum, both Sphagnum
moisture retention and unsaturated hydraulic conductivity must be well defined. While
peat moisture retention data has been published based on degree of humification (e.g.
Boelter and Verry, 1977; Grover and Baldock, 2012), botanical origin (e.g. Gnatowski et
al., 2010), and most recently for surface and near-surface sample for several hummock
species (McCarter and Price, 2012), limited data exists which distinguishes between the
moisture retention of hummock and hollow forming species (e.g. Thompson and
Waddington, 2013). Similarly, a variety of literature exists for peat saturated hydraulic
conductivity (e.g. Boelter, 1969; Hogan et al., 2006; Lewis et al., 2012), and to a lesser

degree for measured unsaturated hydraulic conductivity (e.g. Schwarzel et al., 2002;
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Naasz et al., 2005; Price and Whittington, 2010; McCarter and Price, 2012), but a
specific distinction between hummocks and hollows/hollows is often lacking.

Given the importance of non-linear and temporally-transient Sphagnum
ecohydrological response to moisture status, and the uncertainty in Sphagnum moisture-
stress thresholds, we adopted a probabilistic approach to simulating peatland moisture
dynamics, plant water stress, and water balance (e.g. Rodriguez-Iturbe and Poporato,
2005) as an alternative framework for examining the effects of climate change on
peatland and Sphagnum ecohydrology. The aim of this research was to compare the
independent and combined effects of: i) habitat type; ii) depth-changes in peat hydraulic
properties; and iii) uncertainty in Sphagnum moisture stress thresholds upon the stress
response of Sphagnum moss under likely future climate change scenarios. In order to
address this aim we adopted a numerical modeling approach to simulate growing season
Sphagnum hummock and hollow water stress for an idealized southern boreal peatland
parameterized with field and lab measurements, using downscaled 21* century general

circulation model (GCM) data.

5.3 Methods

5.3.1 Model overview and study area

We adapted elements from the Rodriguez-Iturbe and Poporato (2005) semi-arid
soil moisture model (stochastic rainfall and vegetation stress) and HYDRUS 1-D
(Simunek et al., 2008) (soil hydrology) and coded them in MATLAB (v.R2009a, The

MathWorks) in order to examine Sphagnum hummock and hollow moisture stress in
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response to summer water deficit conditions in a hypothetical raised bog. We chose a
continental study region at the southern limit for boreal peatlands (Upper Peninsula of
Michigan) where the contemporary mean annual air temperature ranges from
approximately 4-5°C and precipitation and snowfall range from approximately 810 - 890
mm and 2 — 4 m, respectively, over the study area based on climate normals for weather
stations within the study region (Environment Canada, 2012; NOAA, 2012).

Field data for model parameterization and validation were obtained from the
Seney National Wildlife Refuge (SNWR) in the Upper Peninsula of Michigan (46.20° N,
86.02° W, elev. ~205 m a.s.l.) over the 2010 and 2011 growing seasons. The region is
characterized by relatively flat topography which slopes towards the south-east at 1.1 —
2.3 m km™ (Heinselman, 1965). Land cover consists primarily of upland forests (67%),
and open peatlands (20%), while the remainder of the region is made up of mostly
forested swamps and open water (Casselman, 2009). Wet sand of glacial origin overlies
the regional bedrock up to a thickness of 60 m (Albert, 1995). Surface soils throughout
SNWR are mostly a complex of poorly drained muck and sand, while the study area itself
contains poorly drained peats (Casselman, 2009).

While future changes in precipitation for this region have less certainty than
projected changes in temperature, ensemble atmosphere-ocean GCM simulations over the
21% century predict relatively small to moderate (~5 - 10%) average increases in
precipitation in central and eastern North America in all seasons except mid-summer,

where no significant changes in precipitation are predicted (Christensen and Hewitson,
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2007). However, this is a regional generalization and results from specific GCM grid

cells are variable (see Section 5.3.8).

5.3.2 Model description
A simple vertical water balance approach was used to model soil moisture dynamics for a
peat profile at an hourly time step, where changes in storage within the peat profile are
the result of net infiltration from rainfall ([J), losses from evaporation (E), and fluxes
across the upper and lower boundaries of each soil layer.

Laio et al. (2001) expressed [ as the balance of rainfall (P), canopy interception
(I), and surface runoff (Q). For our model simulations, both 7 and Q were assumed to be
negligible due to the lack of a vascular plant canopy within our modeling framework and
a combination of high porosity and small elevation gradients in bogs. P was modelled as

a stochastic process based on the following equation:

! (5.1)
using separate continuous distributions to generate a sequence of rainfall return intervals
(r+) and rainfall event depths (r,).

E was varied seasonally, daily and hourly according to both physical and
stochastic functions. In order to account for strong seasonal variability in potential
incoming solar radiation (K,,) at northern latitudes, a maximum daily value of E (E,y)
was varied according to the relative difference in potential daily K, from that at summer
solstice to produce Ege, i (Fig. 5-1a). K, values were estimated using the radiation model

parameterization of Burridge and Gadd (1974). In order to statistically represent the
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effect of variable cloudiness on FE, daily potential E (Egaily,i) was modified by a scaling
factor (Egity,i = i Eseasi).- A separate scaling factor was used for days with and without
rain, where the scaling factors were derived from the probability distribution of the ratio
of measured incoming shortwave radiation (K;) to K, (Fig. 5-1b). Finally, hourly
potential values for E (Epunyj) Were calculated based on the product of Eg;;,; and the
ratio of hourly to daily maximum K,,, where negative values were assigned a value of
zero (Fig. 5-1c). E was assumed to occur at a maximum potential value of Ej,y,; when
surface y was above a critical threshold (i) of w¢.ir = -4 m (McCarter and Price, 2012).
Below ., E was limited by the unsaturated hydraulic conductivity (K(y)) and the v

gradient across the top soil layer. K(y) was calculated as follows:

m 2
K(t//)=Km,\/§(1—(1—s ") ) (5.2)
where K, is the saturated hydraulic conductivity, m = 1 — (1/n), n is the dimensionless

pore size distribution index, and s is the effective soil moisture content. We used the -

based formulation of s (Brooks and Corey, 1964):

—-n

s=|ay (5.3)

where a is the inverse of the air-entry pressure, and where s = 1 when the magnitude of
is less than a”'. The y formulation of s was used since it provides a direct mechanistic
link to capitula water status (Thompson and Waddington, 2008), and therefore Sphagnum

moisture stress.
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A simple one dimensional finite difference model was used to numerically
approximate vertical unsaturated water flow described by the following formulation of

the Richards equation (Richards, 1931):

Cly.2) ¥ =2 {K(w,z a—‘”“ﬂ

where 7 is depth, ¢ is time, and C is the soil water capacity which is equal to the tangent of
the volumetric water content (6) versus y curve. The van Genuchten equation (van
Genuchten, 1980) was used to describe the relation between yw and 6 when w was
negative:

0 -0,

0=0 + ———~—
(1+ m//|")” (5.5)

where the subscripts r and s denote residual and saturated values.

A standard fully implicit finite difference scheme was used to linearly discretize
and simplify Richards equation. y values for successive time steps were obtained
iteratively by solving the system of linear equations produced from the finite difference
scheme using Gaussian elimination. The convergence criteria for the iterative process
was met once the maximum absolute difference in y estimates between successive
iterations was less than 1x10™ m. Spatial and temporal discretization were done using a
constant time step of 5 s, and a node spacing of 0.025 m over the top 0.1 m, 0.05 m down
to 1 m, and 0.1 m for greater depths. It was found that a short time step was required in
order to ensure model stability given high K, values when the WT was near the peat

surface.
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Moisture dynamics due to P and E,,,, were incorporated into the finite difference
scheme using a constant flux (Neumann) boundary condition for the surface node. In the
case of P, daily values were evenly distributed over all time steps for a given day. Under
conditions where the surface layer was saturated, excess rainfall was added to the
following time step to simulate ponding.

The following initial and boundary conditions were used for all model
simulations. After defining an initial WT depth of 0.2 and 0 m for hummocks and
hollows respectively, w(z,t) at t = 0 was set to an equilibrium-profile value corresponding
to the position relative to the WT (negative downwards). For ¢ > 0, a zero-flux condition
was imposed for the lower boundary node, where y was set to be in hydrostatic

equilibrium with the adjacent node.

5.3.4 Moisture stress
Static vegetation water stress (&) 1s a unitless metric whose value represents the

relative degree of Sphagnum stress based on s in the surface soil layer. Porporato et al.

(2002) formulates ¢ as follows:

(5.6)

where ¢ represents the potential non-linear effects of a soil moisture deficit on plant
condition, and s~ and s, are moisture-stress thresholds. In vascular vegetation, s
corresponds to an equivalent soil moisture content below which plants start to close their
stomata to prevent internal water loss. However, being non-vascular plants, Sphagnum

mosses do not have stomata. As such, s here represents the equivalent soil moisture
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content or y below which Sphagnum productivity declines. Again, for vascular
vegetation s,, represents the wilting point, and has been adapted here for Sphagnum
mosses to represent an s below which the chlorophyllous cells of Sphagnum loose turgor
and recovery from desiccation is minimal. This equation assumes that Sphagnum does
not experience water stress (¢=0) when K(y) can meet evaporative demand and hyaline
cells are full (i.e. s > s%*), and that Sphagnum has a maximum level of stress ({=1) once
the chlorophyllous cells have lost turgor (i.e. s < s,,). Static vegetation water stress only
considers the effect of the magnitude of y on Sphagnum water stress, but not the rate at
which stress evolves (i.e. rapid v. slow), the length of time spent in a stressed state, nor
potential cumulative effects of repeated drying (i.e. time to recovery). Mean total
dynamic stress during the growing season ({) attempts to account for the latter two
considerations and is defined as (Porporato et al., 2002):

L 7 (o)

seas

else ¢ =1 (5.7)
where k is an indicator of a plant’s ability to recover from water stress and #,., is the
duration of the growing season. ¢’ is the relative magnitude of water stress, f+ is the
duration of an excursion below s, ng is the number of stress periods during a growing
season, and the overbar denotes the growing season average. All else being equal, Eq.7
states that the greater the ¢’ and the time spent in a stressed state, the less likely
Sphagnum is to recover during relatively wet conditions. Furthermore, with increasing

ng+, C becomes greater. This behaviour assumes that Sphagnum recovery is non-linear and
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progresses slowly at first (¢f. McNeil and Waddington, 2003). Therefore, all else being

equal, with greater n,+ the effect of the lag in recovery becomes more important.

5.3.5 Soil parameterization

Simulations for the Sphagnum hummock and hollow were run using a peat profile
depth (Z) of 2.00 and 2.20 m respectively. Table 5-1 lists the values used to parameterize
the peat hydrophsyical properties and stress thresholds for our Sphagnum hummock and
hollow. Few studies report on a number of the hydrophysical parameters required to
model Sphagnum water stress, such as species specific stress threshold values. Estimates
of the relative soil water content, or conversely w, where productivity declines and severe
desiccation occurs (s* and s, respectively), are more commonly reported as a gravimetric
water content (GWC). Conversion to relative water content requires an estimate of
surface bulk density (p,), where uncertainty in stress thresholds were assessed using a
range of both GWC thresholds and surface p,. A wide range of K; values based on both
field and laboratory measurements have been reported, where a high degree of variability
in K; exists due to differences in methodology (Beckwith et al., 2003; Kettridge and
Binley, 2010), anisotropy (Rycroft et al., 1975), spatial heterogeneity (e.g. central v.
margin) (Baird et al., 2008; Lewis et al., 2012), degree of humification (c.f. Letts et al.,
2000), and botanical origin. Appendix 2 shows a range of reported near-surface K;
values, where we used the values of McCarter and Price (2012) since this represents one
of the few studies to differentiate between surface values for different Sphagnum species.
Parameter values for ; (Appendix 3) and E,,. (Appendix 1) were better constrained,

where general agreement was found between multiple sources.
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Potentially significant changes in peat hydrophysical properties can exist within a
vertical peat profile (cf. Letts et al., 2000) which depend partly on changes in pore size
distribution and therefore, indirectly on bulk density (p,). However, the presence of a
depth-dependent relation for p;, is not ubiquitous. Both Clymo (2004) and Lewis et al.
(2012) show no overall depth-dependence in p;, over several meters in a Scottish and Irish
bog respectively, but show increases near the bottom of the peat profile. Novak et al.
(2008) showed on overall increase in p;, with depth for several European peatlands, but
primarily in the top 0.25 m. Finally, Chason and Siegel (1986) showed increasing p, with
depth in two Minnesota fens, but not in a raised bog. If peat compaction and mass loss
through decomposition occur at equal rates, then a shift towards a smaller pore size
distribution need not be accompanied by an increase in p,. Therefore, despite ambiguity
in the depth dependence of p,, a decrease in K; with depth is more universal (cf. K;
summary table in Letts ef al., 2000) which is associated with increasing peat humification
with depth (Boelter, 1969). The depth-dependence of K has, for example, been modeled
using an exponential relation (Baird et al., 2012) and where experimental results have
shown a linear depth-dependence for log-transformed data. As such, we used an
exponential (EXP) depth profile based on the literature, as well as a linear (LIN) and
constant (CONST) depth profile as arbitrary alternatives to the EXP profile in order to
examine the effect of depth-dependence on model output. Both EXP and LIN used the
values in Table 5-1 for the hydrophysical properties at the surface and the bottom of the

peat profile, while CONST used the average of surface and deep values. Similarly, depth-
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dependent profiles were used for the remaining hydrophysical properties (6;, 6,, a, and n)

using values listed in Table 5-1.

5.3.6 Model validation

Model performance was validated against field measurements of WT from the
2010 and 2011 growing seasons (Fig. 5-2). The model was run with measured rainfall
and E (see Moore et al., 2013), the soil parameters listed in Table 5-1, and an EXP soil
profile. No parameter optimizations were used to generate modelled outputs. Statistical
analysis of measured and modelled WT followed that of Willmott ez al. (1985), which
includes the mean, standard deviation, root mean square error (RMSE), and index of
agreement (d). 2010 measured and modelled mean (+std) WT were -5.56 + 5.82 cm and -
2.38 = 7.74 cm respectively, while in 2011 they were -7.57 = 7.96 cm and -7.51 + 8.45
cm. RMSE was higher in 2010 (5.24 cm) compared to 2011 (2.17 cm), yet in both years
systematic error, RMSE (2010: 3.26 cm; 2011: 0.22 cm), was smaller than unsystematic
error, RMSE, (2010: 4.11 c¢m; 2011: 2.16 cm), where RMSE=(RMSE,” + RMSE,*)"”.
Finally, d for 2010 and 2011 were 0.85 and 0.98. Overall, model performance was strong
for 2011, having relatively small error and a good index agreement. By comparison, the
relatively poor performance in 2010 can be attributed to the last 40 days of the
simulation. Following day 74, measured WT drops several cm, while modelled WT does
not. The transition between ponding and sub-surface WT represents a step-wise change in
the specific storage which results in a divergent WT response to P-E. The lack of a runoff
routine may also contribute to greater estimates of surface ponding for the 2010 growing

s€ason.
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5.3.7 Rainfall simulations

Inherent in modelling the temporal variability of P are specific assumptions
regarding the statistical properties of the variables r, and r;. The two primary assumptions
are that the variables are both random and independent. The run test for randomness and
the Kendall rank correlation test for independence were evaluated using 50 consecutive
growing seasons of average r, and r,; values. Our results indicate that r, and r,; can be
considered both random (r;: p = 0.53 and rgq: p = 0.88) and independent (1 = -0.004; p =
0.97).

An exponential function for the probability distribution of r, and r, has been used
previously (Laio et al., 2001), in part due to its analytical tractability. Since our model
simulations are numerically based, alternative distributions were compared to the
exponential model using the likelihood ratio test, where a chi-squared distribution was
used for the rejection criteria. A Weibull distribution was chosen for both 7, and r, (Fig.
5-3), where both were found to have a significantly better fit compared to the exponential
distribution (p<<0.01). Synthetic rainfall data equivalent to 100 growing seasons
(MJJAS) was produced using the Weibull distributions to assess overall performance.
The modelled average growing season total rainfall was 398.9 + 90.3 mm compared to
the 399.5 mm for the 1971-2000 climate normal. The modelled average number of days
with rainfall was 57.6 £ 7.2 days, compared to the growing season normal of 60.2 days.
Finally, the largest modelled extreme rainfall event was 108 mm, while the largest

measured growing season rainfall event between 1971 and 2000 was 116.6 mm.
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In general, the Weibull parameters a and b used to generate the distribution of 7,
and r, can be either constant or variable between simulated growing seasons based on
whether climate is considered stationary over the period being simulated. For both r, and
r4, a had a small but significant negative trend over the period of record (r,: t =3.41; p <
0.001; df =49 and r;: t =2.92; p = 0.003; df = 49), and b had a variably significant trend
(r:t=0.10; p=0.461; df =49 and r;: t = 2.44; p = 0.009; df = 49) (Fig. 5-3). Using the
Kolmogorov-Smirnov normality test, all parameters appeared to be normally distributed
(p-values of a(r,) 0.86, b(r,) 0.66, a(ry) 0.52, and b(r,) 0.83). As such, a and b were kept

constant within each simulation period.

5.3.8 Climate change scenario

In order to simulate the evaporative response of peatlands to changing
temperatures and the corresponding changes in stress within our modelling framework,
E,.x (which is notionally equivalent to Penman’s potential evaporation (PET)) was
increased proportionally with PET based on projected increases in temperature (7) and
vapour pressure deficit (D) for three future simulation periods (P1: 2011-2040; P2: 2041-
2070; and P3: 2071-2100). It was assumed that radiative and aerodynamic components of
PET could be treated as constants. Average changes in 7, D, and P for the study region
were derived from simulated daily near-surface atmospheric variables from the third
generation Canadian coupled general circulation model (CGCM3.1/T63) using 2.81° x
2.81° grid spacing (Canadian Centre for Climate Modelling and Analysis). For our
projection periods, P1 — P3, we used the ensemble results of five runs of the

CGCM3.1/T63, where CGCM3 model runs were initialized from the end of the 20C3M
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experiment (20th century) using the A2 (growing population and regional economic
growth) emission scenario described in the IPCC fourth assessment report (IPCC, 2007).
Based on these simulated climate data, the average change in P and E,,, were
determined for each of P1, P2, and P3. Downscaling results from the CGCM3 A2
scenario for our study site suggest that growing season P will decrease, while E,,,, will
progressively increase over the 21% century. Relative to the 1961-2000 average,
projected changes in P are: -3.3% (P1); -5.6% (P2); and -8.7% (P3). Similarly for E,,

projected increases are: 4.2% (P1); 6.9% (P2); and 11.3% (P3).

5.3.9 Model simulations

We ran a Monte-Carlo simulation for each of the six model parameterizations (2
microforms x 3 peat profile types) under both contemporary and future climate conditions
(4 periods) for a total of 24 model simulations. Each model simulation consisted of 100

iterations, with each iteration representing independent 150 day growing seasons.

5.4 Results

5.4.1 Model sensitivity analysis & non-equilibrium behaviour

Sensitivity analyses were conducted on model input parameters to assess the
uncertainty in overall model performance as a result of uncertainty in parameter
estimation. Since the aim of the study was to model Sphagnum moisture stress, y was
used for the objective function for the sensitivity analysis since it is a hydrological
indicator of water status but does not include the uncertainty in the stress response of

Sphagnum species. A comparison of the sensitivity analyses showed relatively small
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variations between peat profile types, so only the results from the EXP model are shown
in Table 5-2. Given the likely range of uncertainty in model parameters (see Appendices),
our results indicate that the median model behaviour is most sensitive to increases in E,,
and a lowering of the initial WT (WT;,;) level. Increasing E,,;, by 1 mm d! lowers the
median y,r by ~54%, and a decrease in the WTj,; level by 0.1 m lowers the median s
by 47%. The median modelled s is considerably less responsive to changes in other
parameters, where despite the high uncertainty associated with values of K, both relative
and absolute effects are comparatively small. As we are concerned with differences in
moisture stress response for the various model simulations, particularly under dry
conditions, the sensitivity of the lower-range (i.e. 5 percentile) of Wsurs t0 model
parameters was also evaluated. Similar to the median model response of gy, the
Wsurfpo.0s Was sensitive to both E,,. and WT;,;,. However, the w1005 Was also sensitive to
K, where a low K value (based on its general range of uncertainty for surface peat — see
Appendices) caused the greatest reduction in s p0.05 0f any parameter.

The nature of the sensitivity of yy,sto WT level can be seen in Fig.4, which shows
that virtually all yy,rlies on the equilibrium profile line when the WT level is greater than
-0.3 m for both hummock and hollow simulations. Furthermore, the median g,
corresponds with an equilibrium profile while the WT level is above -0.4 m. Below a WT
level of -0.3 m, wyuzp0.05 becomes non-linearly related to WT level, where values lower
(more negative) than the y,.; are achieved for the hummock simulations once the WT
level is below -0.55 m. wsuspo.0s for the hollow simulations are similarly non-linearly

related to WT level, but where given 100 simulated growing seasons, Wufp0.05
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approaches but never becomes less than ;. Small infrequent or short-duration positive
departures from an equilibrium w-profile (as represented by the 95" percentile) are the

result of temporary surface storage following a rain event.

5.4.2 Stochastic rainfall and evaporation

Using probability distributions described in the model parameterization for
rainfall simulations produced a relatively wide range of growing season total P of
approximately 185 — 595 mm. Similarly, there was a large range of variation in total £
between growing seasons for both the hummock and hollow simulations, having
respective ranges of 394-524 mm and 406-561 mm for the EXP models. Based on a
Wilcoxon rank sum test, seasonal total E was significantly different between hummock
and hollow simulations (T = 7248; p<<0.01) where a two-sample Kolmogorov-Smirnov
test indicated that seasonal total E for hummock and hollow simulations came from
separate distributions (KS = 0.45; p<<0.01). Overall, there was no significant correlation
between P and E for hummock simulations, where the Spearman correlation coefficient
(r5) ranged from -0.046 to 0.172 (0.087<p=<0.648) depending on the peat profile type, but
a moderate correlation existed between P and E for hollow simulations (0.492<r,<0.546;
p<<0.01). Regardless of microform type, the growing seasons with the highest E
corresponded to the years with the highest P for all profile types. For example, using the
EXP profile for hummock simulations, there was no significant linear relation (slope +
st.err.= 0.003 = 0.020; p = 0.450; d.f. = 85) between P and E when total P was less than
460 mm, but increased significantly for greater total P (slope + st.err.= 0.563 + 0.177; p

<< 0.01; d.f. = 13). The threshold of 460 mm was chosen based on approximately where
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Lowess-smoothed E steadily increased with P. The same approximate threshold existed
between profile types, but where the value for hollow simulations was 400 mm.

The average growing season moisture deficit (P-E) was relatively small under
current climate conditions, with an average (+st.dev) P-E of -34 (72) mm compared to -
70 (53) mm for P1, -86 (60) mm for P2, and -120 (62) for P3. This means that over the
course of a ‘typical’ growing season under current climate conditions, changes in total
storage tended to be small given the relatively frequent nature of rainfall in the study
region (i.e. mean rainfall return period of 2.1 days). Similarly, since the average rainfall
depth was roughly 6 mm, and due to the relatively rapid transmission of water in peat to
due relatively large pore space, the temporal variability in 6y,,r was relatively small and of
short duration. The larger moisture deficit for the hollow simulations compared to the

hummocks has important implications for WT depth and thus on equilibrium .

5.4.3 Simulations of peatland moisture status and stress

Comparisons of model outputs for both Sphagnum hummocks and hollows are
presented through a sample of single-growing-season near-surface 6 (6y,,y) traces (Fig. 5-
5), and through all-years cumulative density plots of 0y, and s (Fig. 5-6). In general,
both Fig. 5-5 and 6 show that there are only small differences in model output between
the EXP and LIN peat-profile types particularly for hummock simulations. The contrast
between the EXP and LIN profiles with the CONST profile is more apparent in Fig. 5-6
(left panel) for both the hummock and hollow simulations, where the CONST simulations
tend to have higher 6,,,+. Due to the stochastic nature of the P and E simulations, there is

considerable inter-annual variability in the temporal dynamics of 6y, For a median P-
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total year (Fig.5-5 — middle panel), the range of variability in 6, for the hummock
simulations is fairly small due to a WT},; of -0.2 m, and relatively high porosity and low
retention properties of surface peat (Table 5-1). Under dry years (Fig. 5-5 — lower panel),
the general behaviour of 6y, is similar to a median P-year, but where the differences in
O,y between the hummock and hollow simulations are less pronounced and where 0,,,s
more frequently approaches residual water content. Overall, the model simulations tend
to show a seasonal high 6y, at the beginning of the growing season, with a gradual
recession over the first 20 — 30 days of simulation, after which there is a pseudo-dynamic
equilibrium reached, where the 6, maintains a low value with frequent short duration
departures associated with rainfall events. High total-P years (Fig. 5-5 — top panel) are
characteristically different from median and low total-P years, where a growing season
P-E surplus exists, causing the average WT level to be at or near the peat surface.

In general, hollow simulations are more heavily weighted towards higher
moisture content, independent of depth-profile where approximately 15% of the total
simulation period is spent with some degree of surface ponding compared with 1-3% of
the time for the hummock simulations (Fig. 5-6). Not surprisingly, hummocks spend a
greater proportion of the simulation period in a stressed state in comparison to hollows.
Using a GWC-based moisture-stress threshold we can see the effect of the range of
measured surface p, has on the predicted probability of being in a stressed state (Fig. 5-6
— right panel). Given the shape of the distributions in Fig.6, the uncertainty in p, has a
comparatively small effect on the probability of Sphagnum being in a stressed state for

hollows compared to hummocks. For the EXP and LIN profiles, the probability (Pr) of
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Sphagnum being in a stressed state based on a high 0" (Q*high) was 0.40§Pr(0<9*high)§0.47
for hummocks compared to 0.08<Pr(0<9*high)<0.16 for hollows. The high moisture
retention properties of the CONST profile for the hummock and hollow simulations
greatly reduced Pr(0<9*high) to 0.03 and 0.01 respectively. The above direct comparison
between hummock and hollow simulations is, however, based on the two having the
same pp.

Using a general optimal GWC-threshold for Sphagnum of 10 g g for both the
hummock and hollow simulations, and a median measured surface p, of 10.3 kg m” for
hummocks and 15.6 kg m> (unpublished SNWR data) for hollows yielded a w*hum
estimate of -2.0 m and a W*hol of —0.82 m. Comparing w*hum to 0" places it close to Q*IOW.
Consequently, these '~ estimates would suggest that both hummocks and hollows are
similarly infrequently in a stressed state. Moreover, Fig. 5-6 (right panel) shows that the
distinctness of the CONST simulation, be it for the hummock or hollow simulation, is
less apparent when moisture status is viewed as . This points to the first order control of
WT level on yy,r as seen in Fig. 5-4.

The probability distribution of WT level under current climatic condition tended
to be unimodal (Fig. 5-7 — top panels) where the median WT level for the hummock
simulations was -0.275 m regardless of the type of peat profile used. WT level for the
hollow simulations was higher than hummock simulations, where the median WT level
was -0.15, -0.15, and -0.175 m for the EXP, LIN, and CONST profiles respectively.
Under future projected climatic conditions, where E,,,, becomes progressively higher and

P lower, the median WT shifts to a lower position, where the WT PDFs begin to exhibit a

195



Ph.D. Thesis — P.A. Moore; McMaster University — Geography and Earth Sciences

more bimodal character, particularly for the hummock simulations (Fig. 5-7 — lower
panels). Median WT level, given an EXP profile for hummock simulations, was -0.35 m
for 2011-40 and 2041-70, and -0.425 m for 2071-2100. Similarly for hollow simulations,
the WT level was -0.20 for 2011-40 and 2041-70, and -0.275 m for 2071-2100

Considering the link between WT level and wy,,r (Fig. 5-4), the transition from a
median WT level higher than -0.3 m to lower than -0.4 m over the course of future
climate simulations points to a progressive non-linear increase in . This leads to a
small but potentially important shift in y,,r where the current likelihood of desiccation (y
< -4 m) increases from near zero to ~3% and ~1% for hummock and hollow simulations
respectively under future climate conditions (Fig. 5-8). Moreover, given their respective
w’, the probability of being in a stressed state increases to roughly 9% and 7% of the
time, respectively. The shift in y,, to lower values is qualitatively significant, where the
magnitude of change is greater than that associated with profile type under current
climate conditions and is similar in magnitude to the contemporary difference associated
with microtopographic position. Specifically, the behaviour of hollow simulations under
the 2071-2100 climate scenario becomes similar to the current hummock simulation
despite having a WT;,; of 0 m. However, in addition to differences in the probability of
being in a stressed state, differences in moisture-stress sensitivity and recovery may have
important implications for future moss competition.

The nature of the relation between moisture status and Sphagnum moisture stress,
as expressed by g, has a strong influence on the average static stress (Fig.5-9 — top left)

Sphagnum experiences while in a stressed state (&). Fig. 5-9 (top left) suggests that
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regardless of whether the dependence of the average ¢ on moisture status has a concave
(g<1) or convex (g>1) shape, that the value for s has only a small effect, except when s~
is low (e.g. less than 0.1). There is a rapid increase in the average ¢ as ¢ transitions from
convex to concave because the probability of s approaching s,, is low given our definition
of s,, and the limitation of y,,; on water storage loss from the surface layer. If s,, is in fact
higher than the value we have ascribed, the uncertainty in the parameter ¢ would become
less important. Similarly, if constraints on surface storage water loss were relaxed, then
the effect ¢ on average ¢ would be reduced. It is important to note that while the average
¢ represents the relative magnitude of stress while in a stressed state, average ¢ is more
representative of cumulative stress. In contrast to &, Fig. 5-9 (top right) shows that
average ( is more sensitive to s . The response of average ( to s and k are, however,
based on a ¢ = 1. If we ignore very low values of k for which meaningful recovery is
precluded, average ( is only sensitive to k over a relatively narrow range s. The
difference in sensitivity of ¢ and { to s is, in part, due to the increased time spent in a
stressed state as s increases (Fig. 5-9 — lower left). However, { does not increase
monotonically with s” due to the decrease in the number of stress periods at high s~ (Fig.
5-9 — lower right) despite being of longer duration. All else being equal, with an
increasing number of stress states the effect of any lag in recovery becomes more
important.

Overall, for all depth-profiles in both the hummock and hollow simulations, the
average ¢ tends to increase with increasing s (Fig. 5-10a). However, there exists a local

minimum for all model runs at intermediate values of s". This behaviour results from the
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tendency of @ (or s) to reach a low dynamic equilibrium relatively early in the growing
season (Fig. 5-4 — middle panel). As 6 (or s°) approaches the dynamic equilibrium value
of 6 (or s), the number of stress periods increases, with each stress period being of
relatively short duration, thus weighting the average ¢ to lower values. Fig. 5-10a shows
that while there are only small difference in average ¢ between hummock and hollow
simulations for the EXP and CONST profiles, as a result of large differences in the
proportion of the simulation spent in a stressed state (e.g. roughly 90% vs. 45%) there is a
much clearer distinction in average { between profile types (Fig. 5-10b). As a result of
climate change, our simulations indicate that there is a relatively large increase in both
the average & and ( over the majority of the range of s° for both hummock and hollow
simulations based on an EXP profile (Fig. 5-10c-d). Taking the integrated area under the
¢ and { curves over the range of s examined, there was a relative increase in simulated
hummock static and dynamic stress of 39% and 9%, and correspondingly hollow stress

increased by 37% and 23% respectively.

5.5 Discussion

5.5.1 Peat hydrology and moisture-retention

Although there are small differences in the moisture retention parameters used in
our simulations (Table 5-1), in a practical sense, both hummock and hollow simulations
have low near-surface moisture retention, commensurate with surface retention data
presented in the literature (Letts et al., 2000; McCarter and Price, 2012). Therefore, given

the sensitivity of our simulations to WT},; and the relation between WT level and s, the
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small differences in moisture retention suggest that differences in y,,r between hummock
and hollow simulations are more greatly influenced by microtopographic position. The
differences observed between model simulations, therefore, highlight the importance of
the WT as a source of water to the replenish soil layers above it though hydraulic
redistribution.

Although unimodal, we see the beginning of a shift to a bimodal PDF in the EXP
profile in comparison to the LIN and CONST profile under current climate conditions.
This is the result of a more rapid transition in peat properties with depth to greater
moisture-retention, and thus lower specific yield. Similarly, this is why the absolute depth
of the WT reached in the simulations is greatest for the EXP profile for both hummock
and hollow simulations, although, if only by a few centimetres. Despite there being no
simple analytical solution for the WT distribution in our model, the median WT depth is
related to the integral of K(y) as well as the magnitude of the summer moisture deficit (P-
E) since the model hydrology is governed by 1-D fluxes and discharge from the lower
boundary is set to zero. For our study region, the magnitude of the median summer
moisture deficit is not large enough under current climate conditions to see large
differences in WT response between the peat profile types (particularly EXP and LIN),
which may lead to the erroneous conclusion that the specific shape of the depth-
dependence is unimportant.

If we consider the ascribed peat property profiles, we can surmise that with a
larger summer moisture deficit that the median WT level for the EXP profile would

decrease relative to the CONST profile. Similarly, the EXP profile will always be less
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than the LIN profile, while the LIN profile would approach the CONST profile with
progressively larger summer moisture deficits. This is supported by the relative shift in
median WT level for hummock versus hollow simulations in our future climate
simulations where the P-E deficit increases. In comparing the EXP and LIN depth-
profiles, the greatest difference in peat properties is at a depth of 0.5 and 0.45 m for the
hummock and hollow profiles respectively. While the median WT level in hummocks
approaches -0.5 m under future climate projections, and thus should result in a greater

relative difference, the median WT level in the hollow simulations does not.

5.5.2 Sphagnum stress

If sufficient external water exists on Sphagnum capitula, then cell water status
should be optimal and thus moisture stress cannot exist. We generally consider a y of -1
to -3 m (Hayward and Clymo, 1982) and down to -6 m (Lewis, 1988) to be an important
hydrological threshold for Sphagnum since this represents the y at which hyaline cells
will drain based on their pore diameter, and thus is the point where rapid desiccation of
Sphagnum capitula in response to ambient relative humidity (RH) becomes more likely.
Although the above hydrological threshold represents a theoretical limit on the maximum
height of capillary rise supportable by a pore radius equivalent to that of hyaline cell
pores, this does not guarantee connectivity between Sphagnum capitula and the WT via
continuous capillary films. The emptying of hyaline cells represents a fairly large loss of
water but will not necessarily induce water stress unless accompanied by water loss from
chlorophyllous cells, which according to Hajek and Beckett (2008) occurs at a y of -1 to -

2 MPa depending on species. Moreover, Hajek and Beckett (2008) suggest that
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Sphagnum moisture stress coincides with a near-total loss of turgor in the chlorophyllous
cellsata GWCof ~1 g g'1 and a y of -2 to -3 MPa depdending on the species.

A moisture-stress threshold of 1 g g'1 is in contrast to data from the gas-exchange
literature which suggests maximum net photosynthesis (NP,x) begins to decrease over a
GWC range of 8 to 13 g g'1 (Murray et al. 1989; Williams and Flanagan, 1996;
Shipperges and Rydin, 1998; summary by Nungesser, 2003). A threshold of 1 g g'1 from
the gas exchange literature is more commonly associated with the approximate
compensation point of Sphagnum (Murray et al., 1989; Schipperges and Rydin, 1998)
and where the likelihood of Sphagnum recovery/survival from desiccation declines
(Clymo, 1973; Wagner and Titus, 1984). The large difference in the threshold value
between studies may be due to differences in sample preparation or in the
characterization of stress via gas-exchange versus chlorophyll fluorescence. Hajek and
Beckett (2008), for example, blotted their samples to try and remove all external water
prior to measurement of chlorophyll fluorescence. In the absence of this step, water may
be lost in response to ambient RH from hyaline and chlorophyllous cells while external
water exists in small capillary spaces, resulting in moisture-stress at higher measured
water contents. Our simulations show that the choice of Sphagnum moisture-stress
parameters, over a given range, will lead to widely different conclusions regarding the
relative competitive advantage of hummock and hollow species as a result of
microtopographic position and future climate conditions.

Although we show a lower y threshold for hummock versus hollow species

(Fig.6 - right panel), our values are based on NPy,.x vs. GWC relations, and measured p,,
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and -6 characteristics for our study site. From a hydrological perspective, the use of a
GWC-based threshold creates uncertainty in accurately representing y since, in addition
to any uncertainty in the -6 relation, conversion from GWC to y requires an assumption
of surface p, which may vary significantly between sites. While there does not appear to
be an unequivocal difference in the photosynthetic response of different Sphagnum
species to water content (summary in Nungesser, 2003), and desiccation tolerance does
not seem to be related to microhabitat (Wagner and Titus, 1984; Sagot and Rochefort,
1996), Schipperges and Rydin (1998) demonstrate the potential importance of the
cumulative effects of repeated desiccation (which is what dynamic stress presented herein
begins to incorporate). Rydin (1985), for example, suggest that there is no significant
difference in desiccation tolerance between hummock and hollow species, where a lack
of recovery of net photosynthesis from desiccation has been linked to drying samples
below their compensation point (Schipperges and Rydin, 1998). This is in contrast to
Hajek and Beckett (2008) who show a variable recovery response between hummock and
hollow species depending on the level of desiccation, where at -20 MPa there was no
significant difference between species, but at -40 MPa hummock species recovered
better. It is argued that the different conclusions regarding desiccation tolerance of
hummock versus hollow species may be due to the degree (0.2 g g or -50 MPa of
Wagner and Titus, 1984) and rate of desiccation (e.g. Sagot and Rochefort, 1996), or the
nature of the ‘relaxation’ period (or lack thereof) between field collection and laboratory

measurements (Schipperges and Rydin, 1998). This suggests that a recovery parameter
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(i.e. k) should, in fact, be dynamic since it depends not only on species but also on the

degree of desiccation below a given moisture stress threshold (e.g. y).

5.5.3 Model limitations and sensitivity

Since WT level can be considered an important first-order control on Sphagnum
moisture stress in our model, model simplifications which affect WT dynamics introduce
uncertainty into modelled hummock-hollow stress relations. For example, we have not
included the negative feedback between WT level and peat volume-changes (e.g.,
Kennedy and Price, 2005). As a result of compression in the near-surface peat layers,
there would be a simultaneous decrease the depth to WT and increase water retention due
to the shift to a smaller pore size distribution. Incorporating a WT-compression feedback
into our model would require only modest modifications, where a simple scheme relating
v and effective stress to changes in the void ratio would result in dynamic layer depths
(Kennedy and Price, 2005). However, parameterizing the concomitant changes in peat
hydrophysical properties would be challenging. While K, has been shown to be linearly
related to peat compression (Kennedy and Price, 2005), changes in the Van Genuchten
parameters associated with a change in pore-size distribution have greater uncertainty.
Moreover, because near-surface peat compressibility tends to differ between hummocks
and hollows (Waddington et al. 2010) due to their difference in void ratio (Lefebvre et al.
1984) and bulk density (von Ow et al., 1996), the overall impact of subsidence would
likely be of less importance for hummocks.

Since .,y becomes non-linearly related to WT level below a value of

approximately -0.4 m, this suggests s becomes increasingly sensitive to progressively
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deeper WT},;.. Moreover, median modelled wy,,r should also exhibit increasing sensitivity
to progressively higher E,,,, since, all else being equal, a higher value of E,,,, will result
in greater depletion of soil moisture storage and thus lower WT level. The sensitivity to
E,..x has important implications for the response to climate change, where we have linked
changes in temperature and humidity under future climate conditions to E using the
Penman equation. The comparative lack of sensitivity to other model parameters lends
confidence in the potential effect of climate change on Sphagnum moisture stress.
However, the sensitivity of the model to WT},; also has important implications for our
results under future climate conditions since we continue to assume that WT;,; remains at
the surface of hollows. While winter precipitation is projected to increase for the study
region (Christensen and Hewitson, 2007), depending on the concomitant changes in
winter temperatures, the average winter snowpack may be affected.

In addition to potential changes in WT;, with climate change, the effect of
changes in growing season length on the water balance should be considered. A fixed 150
day growing season was used, in part, to constrain the number of degrees of freedom in
our simulations. However, there is natural inter-annual variability in the length of the
growing season which will affect the amount of water lost from storage. Without
knowing the probability distribution of growing season length, it is uncertain whether
there would be any systematic change in soil moisture storage, and consequently on
Sphagnum stress. Furthermore, potential E at the beginning and end of the growing
season is relatively low, thus the impact would likely be small. With increasing

temperatures as a result of climate change, however, the length of the growing season
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should systematically increase, further depleting soil moisture storage in regions where a

summer moisture deficit is the norm.

5.6 Conclusions

We adapted elements from two hydrological models in order to examine
Sphagnum hummock and hollow moisture stress in response to summer water deficit
conditions in a southern boreal peatland parameterized with field and lab measurements.
The distribution of simulated WT level was largely controlled by the distribution in
growing season net rainfall, the hydrophysical properties of the given peat profile, and
the WT;,;. Since the surface f-y parameters were similar between our hummock and
hollow simulations, and given typical values of s in equilibrium with WT level, our
model suggests microtopographic position has a strong control on s and thus
potentially on Sphagnum stress. Differences between simulations that were the result of
the depth-dependence of peat hydrophysical properties were greatest for the CONST
profile. The similarity between the EXP and LIN profiles under current climate
conditions was related to a small growing season P-E deficit with a corresponding small
variation in WT level. The distinct character of the CONST profile was the result of high
moisture retention of the surface and near-surface in comparison to the other two profiles.
This can be considered analogous to a disturbed peatland in which the surface layer has
either been removed (e.g. fire or peat extraction), exposing deeper more dense peat
layers, or where the surface layer has undergone significant consolidation (e.g. drainage).
Since Sphagnum stress responds to y, a GWC-based moisture threshold may be

inappropriate where Sphagnum properties vary significantly. Fundamentally, we would
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expect that Sphagnum stress would respond directly to w, since it represents a physical
constraint on the ability of Sphagnum capitula to access water necessary for
photosynthesis. Our simulations demonstrate that a better understanding of Sphagnum
response to desiccation and its recovery dynamics is needed if specific conclusions
regarding future competitive advantage of various Sphagnum species are to be evaluated.

Our model represents a considerable simplification of the complex water-
vegetation dynamics in peatlands. Nevertheless, the use of 1-D physically-based
hydrology allowed for a simple application to the wetland system of interest and the
statistical evaluation of moisture dynamics and Sphagnum stress. However, despite the
reasonably good simulation of WT level for our study site, many important vegetation
and hydrological processes may need to be included to produce a model that more
accurately represents field conditions. Such challenges that must be considered when
improving models for wetland systems include those stated in Rodriguez-Iturbe et al.
(2007), which may be summarized in the context of our model as a need for:

1. Inclusion of vascular plant water uptake dynamics. This requires the use of a sink
term in Richards equation, and has taken the form of a simple depth-dependent
quadratic function (e.g. Schouwenaars and Gosen, 2007).

2. More data characterizing the stress-response of Sphagnum to external water
deficits, and the relation between external water content and internal (apoplastic)
water.

3. Inclusion of lateral flows between hummocks and hollows as well as boundary

conditions representing regional flow because of their importance on WT level.
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Weiss et al. (2006), for example, use a simple groundwater mound equation to
estimate runoff, where transmissivity can be related to changing peat properties
with depth. Moreover, incorporating our model into a spatially explicit model,
such as DigiBog (Baird et al., 2012), with WT interactions between cells would
provide the ability to exam different flow regimes (i.e. fens) as well as patterning
effects and spatial variability on Sphagnum stress.

4. Further understanding of the relationship between water and substrate parameters
in peatland soils, to include changes in porosity, hydraulic conductivity, etc., with

dynamics associated with WT-mediated compression.
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5.9 Tables

Table 5 - 1: Key parameters used in the model for the Sphagnum hummock and hollow,
and at depth for all profile types.

Parameter | Units |Hummock | Hollow |Deep — Sapric”
K, ms' |4E-04*  |4E-04" |1.0E-07

6, m’m™]0.990" 0.986" [0.83

6, m’m™ |0.037° 0.062° [0.22

N N/A  |1.69° 1.86° |1.6

A em’ |1.86° 0.85°  10.003

6 - 0.2° 0.2° -

ax md' |4.5B-03¢ |4.5E-03]--

+

- Values from Letts et al., 2000; " Residual estimated at w =-15m; " — See Appendix
2; > — SNWR unpublished data; ¢ — Based on relation between maximum photosynthetic
rate for Sphagnum based on gravimetric water content (Nungesser, 2003) and estimated
surface py; ¢ — Estimate from multiple literature sources (see Appendix 1).
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Table 5 - 2: Sensitivity analysis of peat surface y using hummock parameters (Table 1)

and an EXP soil profile.
¥ Parameter | Wsompet | Wsth pet
Value Median | 5™ 95™ Change Change | Change
Percentile | Percentile | (%) (%) (%)
HUM Standard | -0.276 | -1.01 -0.086 -- -- --
Ehigh 5.5 mm -0.425 | -3.33 -0.158 222 54.2 228.5
q-!
Eiow 3.5 mm -0.183 | -0.438 0 -22.2 -33.6 -56.8
q-
Fibric™' | see below | -0.282 | -0.493 0 -- 18.7
Hemic®” | see below | -0.281 | -0.492 -0.04 -- 18.2
K high 4E-03m |-0.276 |-0.566 -0.090 900 0.2 -44.1
-1
S
K low 4E-05m |-0.284 |-3.54 -0.070 -90 2.9 250.1
-1
S
WTinipieh | -0.1 m -0.189 | -0.538 0 - -31.4 -46.8
WTinijow | 0.3 m -0.404 | -2.26 -0.171 -- 46.5 123.7
Werithign | -1.0 m -0.278 |1 -0.793 -0.094 -75 0.8 -21.6
Werittow | -7.0 m -0.278 | -0.997 -0.087 75 0.8 -1.6

4 _ Parameters from Letts ez al. (2000); ' — K=2.8E-04; 6,=0.93; 6,=0.04; 0=0.08; n=1.9;
applied to top node; 2_ K=2.0E-06; 6,=0.88; 6,=0.15; 0=0.02; n=1.7; applied to bottom

node.
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5.10 Figures
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Figure 5 - 1: (a) Ejy (triangle), Eyeq; (solid line), and sample Eggy,; (circles with dashed
line) based the occurrence of rainfall and random c¢; values from the distributions in (b);
(b) empirical cumulative distributions of the ratio of measured daily K, to modelled K,,
for the 2010 growing season at SNWR during days with (dashed black line) and without
(solid black line) rain; and (c) hourly fraction of Egayi based on DOY, where black lines
represent the summer solstice and the end of the growing season.
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Figure 5 - 2: Cumulative frequency distribution of rainfall depths (a) and return period (b)
based on 50 years of MJJAS daily rainfall data. Growing season (MJJAS) stochastic
rainfall parameters (rainfall depth — top; return period — bottom) using a Weibull fit based
on daily rainfall data from the Sault Ste. Marie, ON weather station (Environment
Canada).
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Figure 5 - 3: Comparison between modelled and observed WT position at Seney National
Wildlife Refuge for two consecutive growing seasons. The model used the hollow
hydrophysical properties listed in Table 1, an EXP profile, and initial WT level equal to

the measured value.
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Figure 5 - 4: Deviation of the surface soil water pressure for a hummock and hollow over
100 simulated growing seasons using an EXP soil profile, relative to a soil water pressure
profile in equilibrium with the water table level.
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Figure 5 - 5: Sample traces of @ in the surface layer for a simulated growing season with

high (top), average (middle) and low (bottom) precipitation.
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Figure 5 - 6: Cumulative distribution of volumetric water content (left) and soil-water
pressure (left) for hummock (heavy lines) and hollow (thin lines) simulations under
current climate conditions based on 100 growing seasons. 6 thresholds are based on an
optimal GWC of 10 g g"' and high, mid and low measured pj, for surface samples from
SNWR where 90% of all surface (0 — 0.05 m) samples fell between 10 and 30 kg m™. v
thresholds are based on G*pb,med using hummock and hollow surface moisture retention
parameters.
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Figure 5 - 7: Empirical probability distributions of water table level based on 100

simulated growing seasons. WT simulations under future climate scenario are based
solely on EXP soil profiles.
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Figure 5 - 8: Comparison of cumulative frequency distribution of surface soil water
pressure based on an EXP soil profile.
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Figure 5 - 9: Average static (top - left panel) and dynamic (top - right panel) stress over a
range of stress parameters for the hummock simulations given an EXP profile.
Comparisons of time of simulated stress (lower — left panel) and seasonal stress periods
(lower — right panel) between hummock (thick lines) and hollow (thin lines) simulations
for all three profile types.
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Figure 5 - 10: Comparison of average static and dynamic stress between hummocks
(thick lines) and hollows (thin lines) across profile types (a & b) and between EXP-
profile simulations under contemporary (black) and future (grey) climate conditions (¢ &
d). Stress values are shown for g = 1 and k =0.2.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

6.1 Summary and conclusions

The impacts of long-term water table manipulations on peatland energy balances,
flux partitioning, and hydraulic structure were examined with an emphasis on
microtopographic variation and the relative abundance of plant functional types.
Important differences in albedo, surface temperature, wetness, and surface roughness
existed between sites. Albedo was systematically lower at the WET site, despite a greater
proportion of hollows which contain bright green Sphagnum angustifolium versus green-
brown to red Sphagnum capillifolium which dominated hummocks. The prevalence of
surface ponding at the WET site, and perhaps greater radiation trapping as a result of
higher LAI, are thought to be the cause of a lower albedo. Despite a lower albedo, the
radiation balance and available energy at the bulk surface were similar across WT
treatments due to differences in longwave loss and high ground heat flux in saturated
hollows. Despite differences in surface aerodynamic, thermal and radiative properties,
their net effect could not explain the difference in total ET loss across the WT
manipulation gradient. These results are significant in the context of understanding the
major controls on peatland ET, and the response to long-term WT manipulations since it
appears that changes in site-scale variables which do not take into account differences in
the response between microforms are unable to fully explain differences in total ET given
the same weather conditions. Because of the variable difference in total ET across WT

treatments between growing seasons, there is a need to examine a wider range of natural
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climate variability. In particular, inter-annual differences in the growing season water
deficit (P - ET) would highlight the degree of (dis)similarity between sites following long
term WT manipulation. Furthermore, despite differences in the average WT depth and
proportion of hummocks, little difference in total ET exists between the INT and DRY
sites, which may suggest a potential loss of self-regulation of water loss by the DRY site.
By examining past WT levels through testate amoeba, and dating of tree establishment
along the periphery of these disturbed peatlands, we could further assess whether these or
other similarly disturbed systems represent a dynamic equilibrium or if they are still
undergoing microform and vegetation succession.

There is a link between surface moisture availability and evaporative loss at the
moss surface, but the overall control on ecosystem scale ET is limited by vascular leaf
development. At the ecosystem-scale, we observed higher ET rates as a function of their
potential value as predicted by the Penman Monteith equation during the periods of high
WT in 2010, but this broadly coincided with full-leaf out. In the subsequent growing
season, the period of high-WT occurred early in the growing season while LAI was
relatively low, and no relation between WT and ecosystem-scale ET was observed across
WT treatments. This finding is significant because it shows that short-term WT
variability is important for capturing the seasonal dynamics of peatland ET, where the
strength of the ET response to WT partly depends on the synchrony/asynchrony of dry
periods and vascular phenology. This points to a need to further examine the phenology
of major plant functional groups in peatlands. In particular, differences in the timing of

leaf growth, senescence, and seasonal variability in LAI are likely to vary between sedges
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and evergreen shrubs. Furthermore, due to potential differences in nutrient availability
associated with long-term WT manipulation, the proportion of old versus new evergreen
leaf area and their transpiration capacity could have important impacts on the relative
strength of seasonal variation in transpiration potential.

At the ecosystem scale, despite large differences in WT depth between sites and
the relative height of microtopographical elements, energy partitioning was greatest to
latent heat across WT treatments. This suggests that despite a greater proportion of
hummocks at progressively dryer sites and greater microtopographic variation, that water
availability is not systematically reduced for vascular vegetation which was shown to
dominate total ET losses across WT treatments. Although not directly observed from our
measurements, other studies suggest that preferential partitioning of energy to sensible
heat at dry hummock surfaces can enhance canopy transpiration or surface evaporation
from adjacent hollows through micro-advection (Kim and Verma, 1996; Kellner and
Halldin, 2002; Admiral and Lafleur, 2007). The importance of micro-advection could be
examined using the spatio-temporal variability in moss surface and canopy temperatures
through semi-continuous infrared imagery. This would further allow separation of the
vascular canopy into hummock and hollows contributions within a four-source ET model,
providing better validation of scaled porometry measurements. Furthermore, by
investigating whether spatial variability in moss surface and canopy thermal response to
surface moisture and WT level is well represented by a random-field for hummocks and
hollows separately, the utility of the hummock-hollow concept within a land surface

scheme may be evaluated.
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Contrary to the potential normalizing effect imposed by micro-advection, our
results suggest that the vegetation response to WT drawdown offers two negative
feedbacks which increases water availability and limits transpiration loss, namely
increased below-ground biomass production and a shift in above-ground resource
allocation towards greater proportion of woody tissue. The effect of LAI and surface
wetness on ET was observed at the scale of microtopographical elements across WT
treatments. ET from all hollows and WET hummocks were observed to be similarly high,
owing in part to perennially wet surfaces, a thus a more balanced trade-off between
canopy transpiration and surface evaporation. Low moss surface resistance at the INT
site, which incorporates the additional boundary layer resistance imposed by the vascular
canopy, showed how relatively dry microtopographical elements could contribute a large
amount to total ET losses on a per unit area basis. Even for higher LAI, hummocks as a
whole at the DRY site were shown to contribute appreciably to total ET losses as a result
of the dominance of hummocks. Despite dry conditions, evaporative losses from
hummocks can be high, in part, due to the thermal properties of dry peat which limit
transfer of energy down into the peat profile, enhancing available energy at the moss
surface. It is likely that vapour fluxes become proportionally greater in hummocks versus
hollows, but in general vapour fluxes have been shown to be negligible over a range of
WT depths (Price et al., 2009). Nevertheless, a continual supply of moisture from the WT
is needed in order for hummocks to meet evaporative demand without undergoing severe
desiccation. While surface moisture conditions were observed to be low in hummocks,

particularly at the INT and DRY sites, there was no strong correlation with WT
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variability owing to relatively constant values throughout the growing season, and
moisture content was greater than residual value estimated from laboratory experiments.
This suggests that moisture retention properties of Sphagnum and the capillary transport
capacity of peat is sufficient to avoid complete desiccation and thus contribute to total ET
losses.

Therefore, differences in peat hydraulic structure and moisture retention between
microforms and across WT treatments could have important implications for water
balances through moss surface evaporation and the trajectory of future microform
succession in response to WT drawdown. With a focus on the unsaturated zone, our study
shows that there are significant differences in the hydrophysical properties of peat
between microforms, but where no large change in p, was seen as a result of the
hydrologic gradient created by the water table manipulations. This is significant since our
results show that moisture-retention properties of the moss surface and peat in the
unsaturated zone are strongly correlated with p, While short-term WT drawdown will
alter peat hydraulic structure, if followed by microform succession, the properties of the
newly forming Sphagnum and peat will dictate the long-term impact on hydraulic
structure and moisture-retention. In particular, despite a difference in the relative
abundance of hummocks and hollows across WT treatments, there was no difference in
the relative abundance of dominant Sphagnum within the respective microforms across
WT treatments, where hummock species have been shown to be inherently recalcitrant
and supported by woody roots, and hollow peat has greater volume change in response to

change in water storage. This suggests that, while peatland ecohydrological models may
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not need to account for changing 6-y relations as a result of modest increases in soil
moisture deficits under future climate change scenarios, they should account for changing
proportional coverage of microforms and their associated 6-y relations. Furthermore, we
observed a large difference in K; at depth between WT treatments, where lower K; at the
DRY site would serve to enhance the water storage function of the peatland. In spite of
this negative feedback to water loss, greater WT variability was observed with increasing
depth to WT as a result of the depth-dependence of S, and smaller peat volume changes
in response to water storage, which could drive greater variability in surface y, and limit
evaporative losses under conditions where the hydrologic threshold for capillary rise is
met.

Fundamentally, it is the ability of the peat profile to conduct water up from the
WT along with the hydraulic gradient which are going to both limit evaporative losses
from the moss surface and prevent desiccation. By examining differences in the depth-
dependence of peat hydrologic structure which may be analogous to differences associate
with WT drawdown or other forms of disturbance, the effect of different moisture
retention properties between hummocks and hollows on surface moisture availability was
evaluated. As a result of the similarity in peat hydraulic structure and moisture-retention
in the near-surface, the difference in relative WT position between microforms was
shown to have the greatest control on surface y and thus on Sphagnum moisture stress.
However, differences in mean evaporative losses were small, with hollows losing slightly
more water from storage compared to hummocks. Model behaviour suggests that, while

w maintained equilibrium-profile values relative to the WT level for relatively shallow
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values, surface y became non-linearly related to WT level below a value of
approximately -0.4 m, thus greatly increasing the likelihood of desiccation under future
climate scenarios where growing season soil moisture deficits are projected to increase. It
is under conditions where surface y is in disequilibrium with the WT level where
hydraulic conductivity is sufficiently reduced to limit evaporative loss from the surface.
However, our results also suggest that crossing the y threshold either from a stress or
evaporative perspective is temporally transient. Overnight recharge at the surface, when
evaporative demand is negligible, is often sufficient to return the moss to an unstressed
state. Since our model results suggest that microtopographic position has the greatest
impact on Sphagnum moisture availability, expanding our model to a semi-distributed
scheme through WT interactions would allow for the evaluation of varying proportions
and sizes of microforms on the water balance and surface moisture availability.

To further evaluate changes that result from long-term WT manipulations,
modelling analysis should be extended by incorporating effects of vascular vegetation on
water storage, interception losses, and the surface energy balance. In comparing ET from
the WET to INT and DRY sites, our results suggest that the potential long-term effect of
WT drawdown on LAI should be incorporated since this appears to be one of the primary
mechanisms which serve to limit transpiration and affect canopy-surface sourcing.
Moreover, microtopography, particularly as it correlates to plant functional groups, needs
to be included since, in addition to LAI, differences in transpiration capacity provides the
mechanism for driving spatial variability in ET losses. Despite our relatively large LAI

values, the results of our study imply a need for a greater understanding of the limitations
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on water transport processes in the moss layer, where both field observations and model
simulations showed that dry hummocks were able to avoid complete desiccation despite
low WT depths and high daily ET. Despite modelling results showing overnight recharge
as a likely mechanism for desiccation avoidance, other important process may include
direct interception, vapour distillation (Price et al., 2009), and dew fall (Price, 1991). A
vertically-stratified representation of different peatland vegetation layers in
stochastically-driven process ecosystem models can help to elicit under what conditions
moss evaporation is limited by vascular canopy properties versus moisture supply from
the underlying peat, where alternative empirical formulations can be used to better

understand moss resistance to water vapour loss.
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