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Abstract

Open-canopy forested systems are found across a range of terrestrial biomes. Forest
structure and organization in open-canopy systems exhibit substantial controls on
system process dynamics such as evapotranspiration (ET). The energy reaching sub-
canopy forest layers is greater in open-canopy systems compared to closed canopy
systems, with high spatiotemporal variability in the distribution of energy that both
drives ET and controls sub canopy species composition and organization. Yet the
impact of their structural complexity and organization on whole system ET dynamics
is poorly understood. Using the BETA+ model and measured eddy covariance-based
ET fluxes from a boreal treed peatland, we critically evaluate how stand composi-
tional and organizational complexity influences ET dynamics. Model simulations itera-
tively increase complexity from a simple ‘big-leaf’ model to a model representing
spatial complexity of all system layers, demonstrating the effect of each complex sys-
tem component on stand ET dynamics. We show that including forest stand com-
plexity and associated canopy and radiation variability increases ET model estimates
by ~26%. In addition to changes in the ET estimates, the inclusion of this spatial
complexity is shown to induce temporal variations in the simulated ET that improves
model performance by reducing unexplained variance between modelled and mea-
sured ET by 10% and reducing hysteresis in model results. These results have clear
implications for flux modelling of forest systems and for larger scale climate models
where open canopy systems such as this dominate the landscape. Demonstrating
that whilst big leaf simulation can approximate ET fluxes, the inclusion of forest-
stand complexity and its influence on spatiotemporal radiation fluxes and ecohydro-
logical processes are necessary to effectively represent ET dynamics within open

canopies.
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1 | INTRODUCTION

Globally, forests occupy ~30% of the land surface (Bonan, 2008) and
exhibit strong controls over the hydrological cycle (Ellison
et al., 2017). Forest evapotranspiration (ET) is an important process
responsible for re-distributing water both locally and globally (by re-
charging atmospheric moisture) whilst, simultaneously, acting as an
important water loss mechanism that controls the hydrological bal-
ance and system functioning of forests (Jackson et al., 2001). Accurate
quantification and prediction of forest ET and its components is cru-
cial to improve the understanding of hydrological, climatic, and eco-
system processes, benefiting water resource management
(Brutsaert, 2010; McNaughton & Jarvis, 1983), hydrological modelling
(Zhao et al., 2013), weather forecasts, and forest vulnerability to fire
(Boer et al., 2016), especially under a changing climate (Brimmer
et al., 2012; Helbig et al., 2020).

Vascular plants primarily control atmospheric exchange processes
in dense, closed canopy systems (Black et al., 1996; Ferretti
et al, 2003; Hossein et al., 1994; Leuning et al, 1994; Wallace
et al., 1993; Williams et al., 2004; Wilson et al., 2001). However, many
forests have open canopies with lower stem densities, often due to
limiting factors such as nutrient availability and the hydrological
regime. As a result, a large proportion of the available energy reaches
the sub-canopy layers (Baldocchi et al., 2000) and ecosystem ET is
dominated by energy exchange within the under-story (Allen, 1990;
Baldocchi et al., 2000; Villegas et al., 2010; Villegas et al., 2014;
Vogel & Baldocchi, 1996; Yunusa et al., 1997). Sparse canopies of this
type thus have complex ET dynamics that are controlled both by the
structure and complexity of each layer from the canopy top through
to the soil profile beneath and the interactions of these layers
(Villegas et al., 2010; Villegas et al., 2014). Plants act as roughness ele-
ments and influence airflow, turbulence regimes, mass, and energy
exchange through the subcanopy (Breshears et al., 2009; Martens
et al., 2000). Canopy attributes such as height, extent of leaf coverage
along the stem, tree density, and leaf density and clumping also mod-
ify spatio-temporal patterns in the drivers (Green et al., 1984;
Kettridge et al., 2013; Villegas et al., 2010) and controllers of
ET. Canopy components not only modify the environment directly
beneath them but also the environment in adjacent areas and are
important in open canopies with strong spatial contrasts in canopy
composition. Notably, shading reduces energy inputs directly below
the canopy as well as within canopy gaps (Villegas et al., 2014).

The physical effects of forest architecture also influence species
composition and organization of lower layers through processes of
competition, extinction and establishment. Open-canopy systems
show relatively high sub-canopy diversity because of the increased
variability in environmental conditions found in sub-canopy layers
(Sagar et al., 2008). This variability in sub-canopy species is an impor-
tant influence on ET dynamics because different plant species (within
and between functional groups) have different albedos and show sig-
nificant differences in their ability to conduct water to the atmosphere
(Heijmans et al., 2004a, 2004b; Lafleur, 1990; Sena et al., 2007).
Evapotranspiration from the under-storey layers is therefore highly

variable in space and time due to the complicated eco-hydrological
system organization. This highly variable nature of ET in open canopy
systems illustrates that vertical and/or horizontal aggregation of com-
plex non-linear systems to ‘big-leaf’ behaviours (common within
empirical models; Shuttleworth, 2007) may be inappropriate for repre-
senting stand level ET dynamics (Friend, 2001; Villegas et al., 2010;
Villegas et al., 2014).

Using a boreal peatland forest as an exemplar ecosystem, this
paper assesses how stand structure and compositional organization
influence ET. Characteristically open-canopy, treed peatlands occupy
~24% of the boreal forest region (Joosten & Clarke, 2002), which
itself makes up ~33% of global forest cover (~10% of the earth's veg-
etated surface; McGuire et al., 1995). Boreal peatlands are one of the
world's largest terrestrial carbon stores, accounting for a conservative
estimate of ~500 GtC (Bradshaw & Warkentin, 2015; Yu, 2012),
which is ~60% of the global atmospheric carbon pool (~830 GtC)
(Ciais et al., 2013; Joos et al., 2013; Prather et al., 2012) and about
equal to all of the carbon in living terrestrial vegetation (450 to
650 GtC; Ciais et al., 2013; Prentice & Harrison, 2009). Boreal peat-
land forests further perform key hydrological functions at the land-
scape scale (Devito et al., 2005; Holden, 2005), for example by acting
as important landscape water sources through the sub-humid climate
of the boreal plain (Devito et al., 2017). Forested peatlands and their
vital system service provisions are also subject to regular and increas-
ing disturbances such as fire (Chapin et al., 2000); with almost
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1500 km? affected annually, releasing 6300 Gg C year™
Canada alone (Turetsky et al., 2002). Despite their hydrological and
biogeochemical importance, and exposure to increasing disturbance,
boreal forest regions remain under-represented in the ET literature
(Fatichi & Pappas, 2017; Watras, 2017; Zhang et al., 2009), especially
boreal wetlands (Chapin et al., 2000). Advances have been made to
incorporate increasing levels of heterogeneity in models of Boreal
peatland ET (Kettridge et al., 2013; Sutherland et al., 2014; Sutherland
et al., 2017); however, to our knowledge, assessment of how small-
scale stand complexity, composition and layer inter-dependencies
affect ET dynamics remains largely unknown and un-explored.

Using Boreal peat forests to assess how stand structure and
related organizational complexity influence ET (informing understand-
ing of open canopy forest ET more generally) also has clear advan-
tages over other such systems. Boreal forests have some of the
simplest structural architecture of any forest biome (Landsberg &
Gower, 1997), comprised of even-aged communities as a result of fre-
quent stand-replacing disturbances such as wildfires, insect outbreaks,
and felling (Kurz & Apps, 1993; McCarthy, 2001). This relatively sim-
ple structure, combined with their relatively low taxonomic diversity
(Burton, 2013) means more concentrated efforts can be applied to
defining the species-specific characteristics, responses and behav-
iours, thus providing advantages to modelling, computing capacity and
confidence in interpretation. In addition, local scale (10 m) heteroge-
neity is relatively even at the 100-1000 m scale across a flat open
landscape (Figure 1). This reduces the impact of potentially confound-
ing factors that would add uncertainty to direct ET measurements,
which are possible at this scale using Eddy Covariance methods.
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FIGURE 1

(a) Aerial image of study site showing the location of the Eddy Covariance flux tower, and the areas contributing to 20%, 40%,

60% and 80% of the total flux measured (calculated in accordance with Kljun et al. (2015) between 24th of July to 13th of August 2014 and (b) a

photo of the vegetation structure.

Factors that can cause uncertainty to these direct measurements
include high variability in within stand tree density/size and topo-
graphical influences. This reduction of potentially confounding factors
in this context will increase confidence in model outputs and interpre-
tation that relate directly to stand complexity effects.

This paper critically evaluates how stand compositional and orga-
nizational complexity influences ET dynamics by using an adaptation
of the Boreal Ecohydrological Tree Algorithm (BETA+; Leonard
et al., 2021), comparing sub-hourly ET simulations against eddy
covariance (EC) flux tower measurements. Understanding how ET
dynamics change by representing various system complexities within
the modelling domain will provide advanced understanding of how ET
is controlled by the system structure and facilitate more informed and
targeted future research efforts in open-canopy forested systems.

2 | DATA AND METHODS

21 | Study site

Data was collected from a deep peat (23 m), poor fen in central
Alberta (55.81° N, 115.11° W), Figure 1. The climate in this region is
sub-humid with an annual mean air temperature of 1.2°C and mean
annual precipitation of 483 mm (Devito et al., 2016). The surface is
characterized by a ground cover mosaic, consisting of Sphagnum. fus-
cum (43% cover), Pleurozium schreberi (9% cover), Cladina and Cladonia
sp. (11% cover) and bare peat (26% cover). The lower vascular layer
comprises Rhododendron groenlandicum, Rubus chamaemorus, Chamae-
daphne calyculata, Maianthemum trifolia, Vaccinium oxycoccus, Vacci-
nium vitus-idea and Eriophorum sp. The upper vascular layer comprises

solely of Picea mariana with a stand density of 16 000 stems ha~%,

basal area and average height of 11 m? ha™! and 2.3 m, respectively
(Kettridge et al., 2012). Surface micro-topography varies in height by
up to 0.41 m (Leonard et al., 2018).

2.2 | BETA+ model summary

BETA+ simulates ET from a treed boreal peatland (Leonard
et al.,, 2021). Within BETA+ the landscape is discretized into discrete
vertical soil profiles, with defined and differing moss and sub canopy
vegetation covers (shrubs/graminoids), interspersed among a forest of
trees that are individually defined in terms of location and size. Thus
BETA+ uniquely accounts for small scale complexity when simulating
the surface energy balance, ground-layer cover type and peat thermal
behaviour and builds on previous modelling work, principally, BETA
(Kettridge et al., 2013), 3-D HIP (Kettridge & Baird, 2010) and a radia-
tive transfer model (Essery et al., 2008). Tree heights and locations are
generated by a canopy height model (CHM) derived from airborne
LiDAR collected at the study site (See further description in S1). The
surface resistance of ground cover types was measured at the study
site from S. fuscum (n = 32), P. schreberi (n = 43), Cladina sp (n = 21)
and bare ground (n = 33). The distribution of these groundcover types
(and their respective resistance [SI-1] and albedo values [SI-1]) is
determined by Multivariate Adaptive Regression Splines (MARS) in
accordance with Elith and Leathwick (2007) (See SI-1). Stomatal resis-
tance and leaf area of sub-canopy vascular vegetation is randomly
selected from a distribution derived from data measured at the study
site (stomatal resistance and leaf area measurements were taken from
Rhododendron groenlandicum, Rubus chamaemorus, Chamaedaphne
calyculata, Maianthemum trifolia, and Vaccinium vitus-idea at the study
site [SI-1]).
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Meteorological data from a 10 m high tower (net radiation,
upwelling shortwave radiation, air temperature, relative humidity and
wind speed data) drive the surface boundary of BETA+ within which
net short and longwave radiation, latent heat and sensible heat fluxes
were calculated. Radiation fluxes are determined using a spatially
explicit 3D radiation model that depends on tree size/position and
ground cover species distribution. Trees were represented within the
simulated 3D landscape as crowns (SI-1), following an approach simi-
lar to Essery et al. (2008) and adapted by Kettridge et al. (2013), which
is used to determine the direct and diffuse shortwave radiation
(through time) and a sky view factor (constant in time) at the sub-can-
opy/ground surface. Net longwave radiation is calculated from
Stefan-Boltzmann law, Beer's law (Aber and Melillo, 2001) and the
above generated sky view factor. The model accounts for the influ-
ence of micro-topography on the short and long wave radiation by
incorporating variations in elevation, slope, aspect and shading of the
peat surface (surface topography of points randomly selected from
measured distributions [SI-1, Leonard et al, 2021; Kettridge &
Baird, 2010]). Newton's law of cooling was used to calculate sensible
heat flux. Evapotranspiration (kg m™2 s~) was calculated using a form
of the Penman-Monteith model (Oke, 1987):

§(Ty—T,) +vdd,
B Fa+rs

ET (1)

where s is the slope of the saturation vapour versus temperature
curve (kg m~3 K™1), T, is surface temperature and T, is air temperature
(K), vdd, is vapour density deficit of air (kg m™3), r, and r, are aerody-
namic and surface resistance (s m~Y), respectively. Surface resistance
(rs) is derived from field measurements of both groundcover surface
resistance (FGroundsurface) @nd sub-canopy stomatal resistance (ryvascutar)
(SI-1, Leonard et al., 2021). Tree transpiration is modelled based on
measured vapour pressure deficit (cf. Thompson et al., 2014) using a
transpiration efficiency derived from sap flow measurements of
15 instrumented trees at the study site (SI-1).

The 1D thermal behaviour of isolated peat profiles are simulated
by a finite difference Fourier based model, discretised at 0.01 m inter-
vals (SI-1). Bulk peat density and volumetric water content (VWC) are
used to calculate the thermal properties at each node. The Van Gen-
uchten equation is used to determine the VWC, with pore water
retention determined from depth to water table with assumed hydro-
static equilibrium through the peat profile. The volumetric heat capac-
ity of the soil profile is the sum of each soil constituent multiplied by
their respective heat capacities. The latent heat of fusion is repre-
sented by increasing the volumetric heat capacity at 0°C
(cf. McKenzie et al., 2007). Peat thermal conductivity is calculated in
accordance with Farouki (1986), evaluated for peatlands by Ket-
tridge & Baird (2007). Depth to water table and peat temperature
were measured throughout the simulation period and used to define
the water table position and the lower boundary temperature of the
simulated peat profiles. When micro-topography (methods and data
available in SI-1) is represented in a spatially explicit manner within

BETA+, the water level remains spatially uniform, but the water table

depth varies spatially as a consequence of the defined distribution in
surface elevation. Microtopography data were generated from a mea-
sured distribution, derived from a Digital Elevation Model, created
from a 3D point cloud generated using a structure-from-motion
approach (Brown & Lowe, 2005, Moore et al., 2019). The 3D point
cloud data were collected from a 10 x 10 m? plot at study site (more
details available in SI-1). When surface micro-topography is excluded
from the model, the water table depth is uniform in space, with the
peat surface elevation assumed equal to the mean surface elevation
(Leonard et al., 2018). Initial surface temperatures were assumed
equal to air temperatures (simulations initiated at midnight). A polyno-
mial was fit to the surface (air) and measured peat subsurface temper-
atures within a single temperature profile within the study site to
define the initial subsurface temperatures. A detailed description of
the model is available in SI-1 and Leonard et al. (2021).

2.3 | Eddy covariance

Eddy covariance data were collected using an Open Path EC system
(LI7500, (LICOR), open path Infra-Red Gas Analyser (IRGA) and CSAT
3D (Campbell Scientific) sonic anemometer) from a 10 m tower
between 24th July and 13th August 2014. Raw eddy covariance mea-
surements were sampled at a frequency of 10 Hz, fluxes calculated
over half-hour intervals, and saved on a CR1000 datalogger (Campbell
Scientific). Net radiation (Q*) was measured using a NR-Lite net radi-
ometer (Kipp Zonan) and a HFT3-L heat flux transducer (Campbell Sci-
entific) was used to measure ground heat flux (Qg). All fluxes were
corrected for density, time lag and coordinate rotation (double coordi-
nate rotation was used) following common Fluxnet protocols (Aubinet
et al, 2012; Burba et al., 2012; Foken & Leclerc, 2004; Kaimal &
Finningan, 1994; Leuning & Judd, 1996; Webb et al., 1980) whilst the
sensors were installed level and <0.1 m apart (verified by Blanford
and Gay analysis; [Blanford & Gay, 1992]) to avoid the need to
account for sensor separation. The resulting half-hour fluxes were
then filtered to ensure that each half-hour had at least 80% of the
high-frequency records and that there was no potential for dew for-
mation on IRGA lenses by either precipitation or by comparing the
dew point temperature to the air temperature. Additional filtering
removed physically improbable values and values where the differ-
ence between neighbouring fluxes were greater than +2 standard
deviations of the population. The Schuepp et al. (1990) footprint anal-
ysis was used to constrain the measured fluxes to be within 80% of
the desired site boundaries. Thereafter, fluxes with a corresponding

1 were removed from the dataset.

friction velocity (u*) <0.15ms™
The average half-hourly energy balance closure was calculated as the
ratio of the total turbulent fluxes (Q, + Q.) to available energy
(Q*—Qy) and was calculated as 0.84 (with a range of —0.86-1.69). Fol-
lowing this the energy fluxes were forced closed, with the additional
energy partitioned based on the Bowen ratio (8) (Wilson, 2002). f8 is
the ratio of sensible heat (Q,) to latent heat (Q,). For each available
half-hour, Q. was gap-filled by scaling potential evapotranspiration
(PET) (Priestley & Taylor, 1972) to ET. The scaler (@) was calculated
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from the ratio between measured ET and PET for the measurement
period. The average a value was 0.67.

Potential evapotranspiration (PET) was calculated according to
Priestley and Taylor (1972):

A(Ry—G)

[
A(A+y)

2

where PET is potential evapotranspiration (mm d~2), A is latent heat
of vaporization (2.45 MJ kg™1), A is the slope of the vapour pressure-
temperature curve (kPa°C™%), R, is net radiation (MJm™2 per
30 min), G is soil heat flux (MJ m~2, per 30 min), and v is the psychro-

metric constant (kPa °C~1).

24 | Description of simulations

The modelling domain was parameterised with spatially explicit data
for a 250 m radius region surrounding the EC tower (80% of the total
flux is contributed from within 250 m of the measurement tower 90%
of the time; Figure 1a). Within the 250 m radius, ~12 000 1 m? simu-
lation locations were randomly defined. For each 30-min time interval,
the 2D flux footprint, calculated in accordance with Kljun et al. (2015),
was used to select and weight the contributions from the given simu-
lation points to the EC tower at 30-minute intervals for the time-
period 24/07/2014 00:00 to 13/08/2014 23:30 MST (please refer to
model description in section 2.2 and SI-1 for further details of how
the modelling domain represents the systems vegetation structure
and associated attributes). A total of 11 scenarios were simulated
(Table 1), each simulation represents increasing levels of observed
system complexity. The model was initially run as a simple ‘big-leaf’
(Single Groundcover ‘Big Leaf’: SGBL) with no representation of spa-
tial variation within the vertical system layers and a single, uniform
groundcover-type of either bare ground (BG), P. scherberi (PS),
S. fucsum (SF), or Cladina sp. (C). These simulations are referred to as
SGBL-BG, SGBL-PS, SGBL-SF and SGBL-C. This simulation was then
repeated but with the modelling parameters associated with ground-
cover type (surface resistance (SI-1), and albedo) weighted by the
observed relative proportions of each groundcover type (weighted
ground cover big leaf; WGBL).

The next simulation in the series of increasing complexity
(Weighted Groundcover, Big Leaf-Flux Foot Print: WGBL-FFP), is the
same as WGBL but the radiation and canopy openness data is the
mean value for each footprint area per time interval, rather than the
mean value for a 250 m radius of the tower. WGSC (weighted ground
cover spatially explicit canopy) is the same as the WBGL-FFP simula-
tion but instead of having uniform radiation inputs at the ground sur-
face, individual trees are explicitly defined, and the radiation inputs
reaching the ground surface vary accordingly in space and time at
each simulation point. The SGSC (spatially distributed groundcover, &
spatially explicit canopy) simulation then uses the spatially distributed

canopy and incoming radiation parameters to predict the spatial

distribution of each groundcover type using the MARS sub-model (SI-
1). The SGSCSM (spatially distributed groundcover, micro-
topography & canopy) simulation further adds micro-topography
influences, representing variability in slope and elevation (and water
table depth) by randomly drawing from a measured distribution. The
next SE (spatially explicit) simulation again builds on the previous sim-
ulation (SGSCSM) by adding spatial variability in the leaf area index
(LAI) of dominant sub-canopy vascular species and surface resistance
values (of both the simulated groundcover species and vascular plants)
by randomly selecting values from measured distributions. Within this
model, all aspects of the simulation are considered in a spatially
explicit manner. The model representing most complexity, STE
(Spatio-temporally Explicit) again builds on the previous simulation
(SE) and adds temporal variation in surface resistance values of the
groundcover species by applying an observed time relationship to the
surface resistance drawn from the measured distribution (SI-1).
Mann-Whitney U Tests were used to compare the measured ET data
(from the EC flux data) and ET data from each BETA+ model

simulation.

3 | RESULTS

3.1 | Comparison of simulated and measured data
All model simulations differed significantly from measured ET
(b < 0.05) (Table 2). Mean measured ET for gap-filled data was
2.43 mm d~1 (+ 3.71 SD). The big leaf scenario with a uniform cover
of Cladina spp. (SGBL-C) showed the lowest simulated ET, underesti-
mating measured ET by 10.68%. ET estimates were higher in SGBL-
PS and SGBL-BP scenarios. A noticeably higher mean ET, was
observed in SGBL-SF compared to SGBL-BP/C/PS of 1.02, 1.36 and
1.22 mmd~%, respectively. When the groundcover surface resis-
tance (r;) and albedo was weighted to account for species composi-
tion (WGBL) the mean simulated ET was 3.15 mm d~? (Table 2 and
Figure 3). The simulated mean ET rose slightly by 0.48 mm d~* when
the mean radiation input for each time interval was used (WGBL-
FFP) as opposed to the mean for the 250 m radius (80% contribution
area of entire simulation period). When spatially explicit canopy and
radiation inputs were added (WGSC), mean simulated ET showed a
large increase, rising by 0.91 mm d~1. A slight increase in mean sim-
ulated ET was observed when the MARS sub-model was added (pre-
dicting ground cover distribution, SGSC), increasing average ET by
0.13 mm d~t. Minimal increase (<0.1 mmd~!) was observed in
mean simulated ET when micro-topography was included
(SGSCSM). Mean simulated ET reduced by 0.74 mm d~! in the SE
simulation (Figure 3 and Table 2) when LAl of sub-canopy vascular
species and the surface resistance of both groundcover and sub-
canopy vascular layer were randomly drawn from measured distribu-
tions. Once temporally variable surface resistance was included
(STE), the mean daily ET increased slightly by 0.08 mm d~?! (Table 2,
Figure 3).
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3.2 | Impact of spatial complexity on simulated ET
dynamics

Big-leaf (SGBL) models account for the smallest proportion of the var-
iance observed in measured ET. Of these simulations SGBL-SF has
the highest explained variance with an R? of 0.77 (Table 2). The sce-
nario where the groundcover was weighted to represent the relative
contributions of each cover type (WGBL) also had an R? of 0.77.
Using mean radiation inputs from the footprint area at each time
interval (WGBL-FFP) only improved R? to 0.79. A marked increase in
explained variance (R? increased to 0.87) and reduction in root mean
square error (RMSE) were observed when canopy and radiation were
included in a spatially explicit manner within the simulation (Table 2).
The increase in explained variance corresponded with a reduction in
hysteresis amplitude between measured and simulated ET (reduction
of the semi minor [width of ellipse] of 20%; Table 2, Figure 3,
Figure SI-9 and Table SI-4) compare (a) to (f) with (g) to (j). Including
temporally variable surface resistance of groundcover showed a slight
reduction in unexplained variance of 0.04 with a corresponding hys-
teresis amplitude reduction (reduction of the of the semi minor [width
of ellipse] of 41%; Table 2 and Figure 3), Figure SI-9 and Table SI-4,
compare (j) and (k). No substantial changes in explained variance were
observed when micro-topography, spatially distributed groundcover
species, sub-canopy LAl and spatially variable surface resistances
were included in model simulations (Table 2). Trees, sub-canopy vas-
cular and groundcover relative contributions to ET vary among sce-
narios (Table 3). Tree transpiration was consistently the lowest
contributor, ranging from 0.22% to 1.36% of total ET (Table 3).
Groundcover contributions to ET dominated in all scenarios except
SGBL-BP/C/PS, where sub-canopy vascular contributions show high-
est contributions to ET (Table 3; Figure 3). Figure 4 is presented to
illustrate diurnal meteorological controls on ET. Figure 4 shows how
the ratio of temperature to vapour pressure deficit changed through-
out the day. Between the hours of 0900 and 1230, the ratio was ~1,
indicating that both the surface atmosphere temperature gradient and
vapour density deficit of the air (vdd,) drove ET, whilst between the
hours of 1300 and 0830, the ratio was <1, indicating that, vdd, was

the dominant driver of simulated ET.

4 | DISCUSSION
41 | How do the model scenarios and measured
data estimates compare?

All simulations, except SGBL-PS and SGBL-C, overestimate ET
(Table 2). In all scenarios where S. fuscum (the dominant groundcover
type in the measured system) is represented, ET from the ground layer
is the dominant ET contributor and supports wider research findings
(Bisbee et al, 2001; Bond-Lamberty et al., 2011; Gabrielli, 2016;
Heijmans et al., 2004a). Big-leaf model simulations with uniform
groundcover of Cladonia. sp, P. schreberi and bare peat (SGBL - C/PS/
BP) show lowest ET estimates and are considerably lower than a
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TABLE 2 Descriptive statistics and Mann-Whitney U test results comparing gap filled measured eddy covariance flux data and data from
each simulation (data shown in Figures 2 and 3).

Scenario Mean(mmd=Y) #SD(mmd~%) p-value (<0.05) % difference from measured R? RMSE (mm d—%)
Gap-filled data  (a) SGBL-BP 2.54 2.63 <0.001 4.39 0.75 0.08
(b) SGBL -C 2.20 2.25 <0.001 —10.68 0.74 0.08
(c) SGBL-PS 2.34 241 <0.001 -3.76 0.75 0.08
(d) SGBL -SF 3.56 3.78 <0.001 31.6 0.77 0.07
(e) WGBL 3.15 3.33 <0.001 22.82 0.77 0.07
(f) WGBL-FFP  3.47 3.76 <0.001 30.24 0.79 0.07
(g) WGSC 4.38 4.87 <0.001 44.45 0.87 0.06
(h) SGSC 451 5.05 <0.001 46.14 0.87 0.06
(i) SGSCSM 4.55 5.09 <0.001 46.52 0.87 0.06
(i) SE 3.81 4.32 <0.001 36.10 0.88 0.06
(k) STE 3.89 4.46 <0.001 37.51 0.89 0.05
ECET 243 3.71 - - - -

Note: (a) SGBL-BP (Bare Peat big-leaf), (b) SGBL-C (Cladonia sp. big-leaf), (c) SGBL-PS (P. schreberi -big-leaf), (d) SGBL-SF (S. fuscum big-leaf), (¢) WGBL
(Weighted groundcover big-leaf), (f) WGBL-FFP (Weighted groundcover & mean canopy of footprint area), (g) WGSC (Weighted groundcover & Spatially
explicit canopy), (h) SGSC (Spatially distributed groundcover, & Spatially explicit canopy), (i) SGSCSM (Spatially distributed groundcover, micro- topography
& canopy), (j) SE (Everything is spatially explicit), (k) STE (Everything is spatially explicit plus time relationship of rs).
Source: Data from boreal peatland system in summer.

TABLE 3 Relative contributions of each vertical system layer to ET (modelled data), for each scenario.
Total
Ground cover Tree Sub-canopy Ground cover Tree Sub-canopy mean
ET (%) ET (%) vascular ET (%) ET (mmd %) ET (mmd ) vascular (mmd?) (mmd?Y)
SGBL-BP 44.49 1.18 54.33 1.13 0.03 1.38 2.54
SGBL-C 34.55 1.36 64.09 0.76 0.03 141 2.20
SGBL-PS 39.15 1.28 59.57 0.92 0.03 1.40 2.34
SGBL-SF 60.11 0.84 39.04 2.14 0.03 1.39 3.56
WGBL 59.37 0.95 39.68 1.87 0.03 1.25 3.15
WGBL-FFP  59.94 0.28 37.75 2.08 0.01 1.31 3.47
WGSC 54.69 0.23 45.08 2.39 0.01 1.97 4.38
SGSC 56.19 0.22 43.58 2.54 0.01 1.97 4.52
SGSCSM 56.48 0.22 43.30 2.57 0.01 1.97 4.55
SE 63.42 0.26 36.32 241 0.01 1.38 3.81
STE 62.17 0.34 375 2.35 0.01 1.42 3.89

Note: (a) SGBL-BP (Bare Peat big-leaf), (b) SGBL-C (Cladonia sp. big-leaf), (c) SGBL-PS (P. schreberi -big-leaf), (d) SGBL-SF (S. fuscum big-leaf), (€) WGBL
(Weighted groundcover big-leaf), (f) WGBL-FFP (Weighted groundcover & mean canopy of footprint area), (g) WGSC (Weighted groundcover & Spatially
explicit canopy), (h) SGSC (Spatially distributed groundcover, & Spatially explicit canopy), (i) SGSCSM (Spatially distributed groundcover, micro- topography

& canopy), (j) SE (Everything is spatially explicit), (k) STE (Everything is spatially explicit plus time relationship of rs).

uniform cover of S. fuscum (SGBL-SF; Table 2) because of their signifi-
cantly higher surface resistance (SI-1). The large difference between
mean ET estimates within the four SGBL scenarios is because Sphag-
num surface resistance (r) is significantly lower than other ground-
cover types (Heijmans et al., 2004a, 2004b; Leonard et al., 2018;
Leonard et al., 2021), resulting in greater ground layer ET (Table 3). As
a result, where the relative proportions of groundcovers and their
respective surface resistance and albedo are represented (WGBL and

WGBL-FFP), and where the low surface resistance Sphagnum only

represents 43% cover, ET estimates are lower than SGBL-SF but still
higher than SGBL-C/BP/PS. Increases in simulated ET occurs when
mean radiation and canopy openness from the flux footprint at each
time interval is applied, as opposed to the mean canopy and radiation
inputs from 250 m radius of the tower. This is likely due to differences
in radiation inputs between the mean radiation input for the 250 m
radius and the mean for each time interval (based on footprint area).
The higher ET in simulations incorporating a spatially explicit can-
opy (WGSE, SGSC, SGSCSM and SE) likely results from the non-linear
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— ET_Measured_EC — ET_WGBL — ET_STE

FIGURE 2 Time series of measured ET (gap-filled) from the EC
tower, modelled ET from the detailed simulation (k) SE and ET
modelled from simulation with ‘big-leaf’ canopy parameterization and
weighted groundcover (e) WGBL.

response of groundcover ET to increased energy inputs. Spatial vari-
ability in the tree canopy and associated radiation inputs induce highly
variable surface temperatures (Leonard et al, 2018; Leonard
et al., 2021). Resultant high temperature patches of a given ground
cover contribute dis-proportionately more to ET than the concurrent
low energy lower temperature areas of the same ground cover type.
This effect results from the non-linearity in the slope of the saturation
humidity versus temperature curve (s) (Oke, 1987). Surfaces receiving
the mean energy input evaporate less than the mean of surfaces
receiving patches of higher and lower energy inputs. Tree transpira-
tion was the lowest contributor to the overall ET budget in all simula-
tions (0.22%-1.36%: Table 3), which is in agreement with literature
estimates of 0.4%-34% (Thompson et al., 2014; Warren et al., 2018)
and findings from other open-canopy systems (Allen, 1990; Baldocchi
et al., 2000; Villegas et al., 2010, 2014; Vogel & Baldocchi, 1996;
Yunusa et al., 1997). The very low contribution of transpiration to ET
is largely due to the low sapwood area from short (2.3 m average
height) and sparse (basal area of 11 m? ha~?) black spruce canopy in
northern peatlands (Angstmann et al., 2012; Mao et al., 2017; Wieder
et al., 2009) in combination with saturated nutrient-poor soil and cold
conditions adversely affecting transpiration (Bovard et al., 2005;
Lieffers & Macdonald, 1989; Oren & Pataki, 2001; Simard
et al., 2007). There is a slight decrease in transpiration rates when the
scenario accounts for footprint area. The likely cause of this differ-
ence is variability in sapwood density mean values derived from
250 m radius area and the footprint area at each time interval.

The inclusion of spatially variable LAl and groundcover/sub-
canopy surface resistance reduced ET overestimation. The log normal
distribution in groundcover r, creates areas of high surface resistance
and low ground layer ET (Table 3). In addition, ET from the sub-
canopy vascular layer in this simulation is reduced more substantially
(Table 3). This is likely the combined effect of the log-normal distribu-
tion in sub-canopy LAl and stomatal resistance creating areas of low
LAl and areas of high stomatal resistance that reduces the contribu-
tion of the vascular layer to system ET. Micro-topography and a dis-
tributed groundcover had relatively little impact on simulated ET
(Figure 3, Table 2).

4.2 | Why does including complexity induce
changes in system dynamics?

Including spatially explicit parameterisation of the canopy and radia-
tion inputs has a noticeable impact on simulated ET (Table 2,
Figure 3). Incorporation of small-scale spatio-temporal variability in
canopy and radiation inputs reduced the magnitude of hysteresis in
simulated ET (Figure 3, Figure SI-9 Table SI-4) because of the more
detailed representation of the surface temperature component of the
evaporation equation (s[Ts—T,]), Equation (1). The reduction in the
hysteresis amplitude (semi minor distance) results from increased sim-
ulated ET in the mornings (08:00 to 13:00), with negligible shift in ET
through the subsequent afternoons (Figure 3). During the morning,
between ~08:00 and ~13:00, the simulated ET is driven both by the
surface atmosphere temperature gradient and vapour density deficit
of the air (vdd,; Figure 4). After ~13:00, vdd, is the dominant driver of
simulated ET (Figure 4). Spatial variation in surface temperature there-
fore has a minimal impact on ET during this time (Figure 3).

A likely reason for this overestimation of ET in the afternoon and
remaining hysteresis in spatially (but not temporally) variable simula-
tions (Figure 3g-j) is that the surface resistance values in the model
do not change throughout the day (and are based on measurements
between 10:00 and 16:00), whereas in the measured system (study
site), ET values are probably increasing substantially in the afternoons
(~16:00). Surface resistance is at around 100-300 s m~* during the
day, increasing towards the afternoon, and shows a strong increase
from 15:00 to 18:00 of up to ~350% (Kellner, 2001). It is likely that
surface evaporation demand exceeds supply in the afternoons, partic-
ularly when the water table is not near the surface. Different mosses/
groundcover types have different capacities for meeting evaporative
demand. Sphaghum fuscum can normally meet evaporative demands
by wicking water up from depth using capillary rise (Hayward &
Clymo, 1982; McCarter & Price, 2014; Price et al., 1997). However,
other groundcover types, (including other Sphagnum spp., [McCarter &
Price, 2014]), feather mosses (Carleton & Dunham, 2003) and lichens
may dry out in afternoons due to their inability to access water from
depth at a rate that meets evaporative demands. Overnight recharge
processes that include fog, dew, distillation and capillary rise
(Admiral & Lafleur, 2007; Carleton & Dunham, 2003; Yazaki
et al., 2006) then function to reduce surface resistances at the start of
the following day. The inclusion of diurnal trends in surface resistance
values improves ET simulations and reduces the observed hysteresis
by reducing afternoon ET (Figure 3k).

Once the temporal variability in surface resistance is included,
hysteresis is reduced in the 0.2 to 0.4 mm d~? range (Figure 3) and R?
improves by 0.04-0.74. The remaining hysteresis is observed below
0.2 mmd~%, when ET is lower, towards the start and end of the day
(Figure 3). The hysteresis caused at the start and end of the day is
likely a result of measurement and modelling uncertainty (although
this does not appear to be a result of the energy balance closure cor-
rection applied to the measured data [compare Figure SI-7 with
Figure SI-8]). There is uncertainty both in chamber (used to generate
surface resistance values for groundcover types: Sl-1) and EC mea-
surements of ET. At the start and end of the day, chamber
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(a) seBL-BP

(b) seBL-C

® <08:00

® 08:00 to 10:00

® 10:00 to 12:00

® 12:00to 14:00

® 14:00to 16:00

ET measured (mm‘h )

® 16:00 to 18:00

®  18:00 to 20:00

@  20:00 to 22:00

® 22:00>

00 0.2 0.4 06 08

ET modelled (mm™)

FIGURE 3 Correlation between 60-min eddy covariance ET data and ET modelled from corresponding footprint area for each simulation. 1:1
line shown on each tile (Gap-filled EC data included [60% gap-filled]). Colours show time of day.

measurements of the surface resistance are derived during periods of
low ET and thus subject to high uncertainties (Kettridge et al., 2021)
whilst EC measurements are predominantly gap-filled due to technical
difficulties in flux measurement and subsequent processing. For exam-
ple, friction velocity is more likely to fall below the threshold accep-
tance QA/QC threshold at these times because of reduced turbulence

at night. Notably the non-gap filled data comparisons do not show
hysteresis when temporally variable surface resistance is incorporated
within model simulations (Figure SI-8). In addition, the BETA+ model
unlikely represents the full complexity of the near-surface water and
energy processes (condensation and evaporation) during the early
hours of the day and within the early evening, as well as associated
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FIGURE 4 Boxplots of the ratio between the temperature (s [T,-T,]) and humidity (vdda) component of the evaporation equation (T is
surface temperature, T, is air temperature (K) and vdd, is vapour density deficit of air (kg m~3): Equation (1). Data are taken from entire simulation
period and plotted at 30-min intervals between 0000 and 2330 from modelled data (STE). Boxplots represent the median, 25th and 75th
percentile (whiskers: Smallest and largest observed value that's less than or equal to the lower/upper hinge +1.5 * IQR)

surface resistances (evaporation and stomatal conductance) dynamics
(Figure 2). However, the ET estimates at the start and end of the day
have limited importance for overall ET estimates due to the lower
rates of ET observed at this time. Simulations that incorporate micro-
topography and the MARS sub-model predicting groundcover species
distributions show relatively little changes in either mean ET, data var-
iability (Figure 3, Table 2) or how the different layers contribute to
overall ET (Table 3).

4.3 | Implications and further considerations for
flux modelling

The magnitude of ET (EC data corrected for energy balance closure)
was best replicated by the simpler model scenarios (SGBL-BP/C/PS,
not SF). These scenarios however showed the greatest hysteresis
(Figure 3, Figure SI-9 and Table SI-4) suggesting that key processes

are not captured by the model. The results demonstrate that in open
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canopy systems, spatial variability of energy inputs to below canopy
are an important consideration for ET and can induce temporal
changes in the landscape ET dynamics. Including spatio-temporal can-
opy and radiation variability in the model increases ET estimates by
~26% (gap filled data, 30.8% non-gap filled data) and reduces unex-
plained variance by 10% (when comparing gap filled big leaf simula-
tion with weighted groundcover [WGBL-FFP] to spatially explicit
canopy with weighted groundcover [WGSC]). Additionally, the inclu-
sion of spatio-temporal canopy and radiation variability reduces hys-
teresis between measured and modelled data. Without this
investigation into how complexity impacts ET and the data presented
here, the observed hysteresis in big-leaf modelling results may have
been explained solely as unaccounted for controls on ET, such as tem-
porally dependent vegetation controls on surface resistance that vary
diurnally, and in response to water availability (Betts et al., 2004;
Kellner, 2001). Our results, however, suggest a substantial proportion
of model variance may be explained by the spatio-temporal variability
in energy inputs at the evaporating surface. This substantial decrease
in unexplained variance is an important finding that quantifies the
value added to predicting ET dynamics by incorporating the spatial
variability of energy inputs. These results point out that even though
the big-leaf model showed good estimations of ET, it is not represent-
ing some important mechanisms controlling and driving ET and in
order to capture sub-daily ET temporal dynamics a spatially explicit
model would be advantageous. The importance of this finding is
highlighted further by the fact that the simulated system has a rela-
tively uniform distribution of heterogeneity, that is, the tree canopy is
variable in space but the distribution of the trees is relatively even
(Figure 1). The observed effects of including a spatially explicit canopy
and radiation representation would likely be stronger in a more het-
erogeneous system with even greater variability in energy inputs
reaching the under-story (Kettridge et al., 2013).

5 | CONCLUSIONS

The evidence presented shows that accurate parameterisation of sys-
tem structural layers that influence the spatio-temporal distribution of
energy reaching the lower layers of forested ecosystems can provide
more accurate ET dynamic predictions, especially for open canopy
systems such as boreal forested peatlands. Results such as this have
important implications for landscape scale modelling efforts and
future climate predictions. Peatland ET can dominate landscape ET in
regions such as the Boreal and improved representation of peatland
controls on ET may in turn improve larger scale climate predictions
(Helbig et al., 2020).
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